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0\ • Abstract 



We study the decoupling effects in A^ = 1 (global) supersymmetric theories with 
chiral superfields at the one-loop level. Examples of gauge neutral chiral superfields 
with minimal (renormalizable) as well as non-minimal (non-renormalizable) couplings 
are considered, and decoupling in gauge theories with U{1) gauge superfields that cou- 
ple to heavy chiral matter is studied. We calculate the one-loop corrected effective 
^^ ' Lagrangians that involve light fields and heavy fields with mass of order M. Elimina- 

2^ ■ tion of heavy fields by equations of motion leads to decoupling effects with terms that 

grow logarithmically with M. These corrections renormalize light fields and couplings 
in the theory (in accordance with the "decoupling theorem" ) . When the field theory is 
(^ ■ an effective theory of the underlying fundamental theory, like superstring theory, where 

D , the couplings are calculable, such decoupling effects modify the low energy predictions 

'^ ' for the effective couplings of light fields. In particular, for the class of string vacua with 

an "anomalous" U{1), the vacuum restabilization triggers decoupling effects, which 
^ . can significantly modify the low energy predictions for couplings of the surviving light 

H ' fields. We also demonstrate that quantum corrections to the chiral potential depend- 

ed ' 

ing on massive background superfields and corresponding to supergraphs with internal 

massless lines and external massive lines can also arise at the two-loop level. 
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1 Introduction 

This paper is devoted to the calculation of the one-loop effective action for several models of 
the global A^ = 1 supersymmetric theory with chiral superfields and a subsequent study of 
some of their phenomenologically interesting aspects. In particular, we investigate in detail 
the decoupling effects due to the couplings of heavy and light chiral superfields in the theory 
and subsequent implications for the low energy effective action of light superfields. 

In principle the decoupling effects of heavy fields in field theory are well understood. 
According to the decoupling theorem |[l|, (for additional references see, e.g., 0) in the field 
theory of interacting light (with masses m) and heavy fields (with masses M) the heavy fields 
decouple; the effective Lagrangian of the light fields can be written in terms of the original 
classical Lagrangian of light fields with loop effects of heavy fields absorbed into redefinitions 



of new light fields, masses and couplings, and the only new terms in this effective Lagrangian 
are non- renormalizable, proportional to inverse powers of M (both at tree- and loop- levels). 

In a field theory as an effective description of phenomena at certain energies, the rescaling 
of the fields and couplings due to heavy fields does not affect the structure of the couplings, 
since those are free parameters whose values are determined by experiments. On the other 
hand if the field theory is describing an effective theory of an underlying fundamental theory, 
like superstring theory, where the couplings at the string scale are calculable, the decoupling 
effects of the heavy field can be important and can significantly affect the low energy pre- 
dictions for the couplings of light fields at low energies. Therefore the quantitative study of 
decoupling effects at the loop-level in effective supersymmetric theories is important; it should 
improve our understanding of such effects for the effective Lagrangians from superstring the- 
ory and provide us with calculable corrections for the low energy predictions of the theory. 
We also note that as the decoupling theorem is based on finite renormalization of fields and 
parameters as all parameters in the effective theory (fields, masses, couplings) are determined 
from the corresponding string theory and hence cannot be renormalized. Therefore we will 
use consistence with the decoupling theorem only to check the results. 

Effective theories of A^ = 1 supersymmetric four-dimensional perturbative string vacua 
can be obtained by employing techniques of two-dimensional conformal field theory 0]. In 
particular the kahlerian and the chiral (super-) potential can be calculated explicitly at the 
tree level. While the chiral potential terms calculated at the string tree-level are protected 
from higher genus corrections (for a representative work on the subject see, e.g., |^, ^], and 
references therein), the kahlerian potential is not. Such higher genus corrections to the 
kahlerian potential could be significant; however, their structure has not been studied very 
much. In this paper we shall not address these issues and assume that the string theory 
calculation provides us with a (reliable, calculable) form of the effective theory at Mstringi 
which would in turn serve as a starting point of our study. 

One of the compelling motivations for a detailed study of decoupling effects is the phe- 
nomenon of vacuum restabilization [^ for a class of four-dimensional (quasi-realistic) heterotic 
superstring vacua with an "anomalous" U{1). (On the open Type I string side these effects 
are closely related to the blowing-up procedure of Type I orientifolds and were recently stud- 
ied in d].) For such string vacua of perturbative heterotic string theory, the Fayet-Iliopoulos 
(FI) D- term is generated at genus-one |0, thus triggering certain fields to acquire vacuum 
expectation values (VEV's) of order Mstring ~ dgaugeMpianck ~ 5 X 10^'^ GeV along D- and 
F- flat directions of the effective A^ = 1 supersymmetric theory. (Here ggauge is the gauge 
coupling and Mpianck the Planck scale.) Due to these large string-scale VEV's a number 
of additional fields obtain large string-scale masses. Some of them in turn couple through 
(renormalizable) interactions to the remaining light fields, and thus through decoupling ef- 
fects affect the effective theory of light fields at low energies. (For the study of the effective 
Lagrangians and their phenomenological implications for a class of such four-dimensional 
string vacua see, e.g., [0 ^[Q and references therein.) 



The tree level decoupling effects within A^ = 1 supersymmetric theories, were studied 



within an effective string theory in |]T3|. In a related work [Q it was shown that the lead- 
ing order corrections of order -^ are to the effective chiral potential, however there are also 



important next order effects in the effective chiral potential ||T5|. In addition, in [|T5] the 
nonrenormahzable modifications of the kahlerian potential (as was also pointed out in [p!6|l ) 
were systematically studied. These tree level decoupling effects (as triggered by, e.g., vac- 
uum restabilization for a class of string vacua) lead to new nonrenormahzable interactions 
which are competitive with the nonrenormahzable terms that are calculated directly in the 
superstring theory. 

In this paper we consider one-loop decoupling effects in A^ = 1 supersymmetric theory. 
We study both the effects on chiral (gauge neutral) superfields and on the effects of gauge 
superfields. (In another context see |1^.) It turns out that an essential modification of low 



energy predictions takes place not only for chiral superfields []TB| but also for gauge superfields. 
As stated earlier such effective Lagrangians arise naturally due to the vacuum restabilization 
for a class of supersymmetric string vacua and trigger couplings between heavy fields with 
mass scale M ~ 10^^ GeV and the light (massless) fields [jl9|. (Note however, that we do not 
include supergravity effects which could also be significant.) 

As a result we find that the one-loop effective action after a redefinition of fields, masses 
and couplings coincides with the one-loop effective action of the corresponding theory where 
heavy superfields are completely absent, in accordance with the decoupling theorem. How- 
ever, since the masses and the couplings of the fields are calculable in string theory (at the 
mass scale Mstring), the decoupling effects add additional corrections to the effective action 
of the light superfields. These corrections grow logarithmically with M (mass of the heavy 
superfields) and modify the effective couplings in an essential way, which for a class of string 
vacua under consideration can be significant. 

Another interesting result presented in this paper pertains to the chiral effective potential. 
When the chiral potential depends on massive superfields, quantum corrections due to these 
fields appear earlier than in the case when one considers light fields only. 

This paper is organized as follows. In Section 2 the general structure of the effective action 
studied is given and the general approach to addressing the decouphng effects is presented. 
Section 3 is devoted to the study of the effective action for the "minimal" model with one 
heavy and one light (gauge neutral) chiral superfield. In Section 4 the leading order decou- 
pling corrections to the effective action for non-minimal models (with more general couplings) 
are considered. Section 5 is devoted to the investigation of the one-loop decoupling effects 
in A^ = 1 supersymmetric theory with U{1) gauge vector superfields and chiral superfields 
charged under f/(l). A summary and discussion of the obtained results are given in Section 
6. In Appendix A details of the calculation of the one-loop kahlerian effective potential for 
the minimal model are presented, in Appendix B the calculation of the one-loop kahlerian 
effective action via diagram technique for the minimal model is described, and in Appendix 
C details of the calculation for the effective action of non-minimal models are given. 

2 Effective action in the model of interacting light and 
heavy superfields 



2.1 General structure of the effective action 

N = 1 supersymmetric actions with chiral supermultiplets arise as a subsector of an effective 
theory of iV = 1 supersymmetric string vacua. Such calculations are carried out for per- 
turbative string vacua primarily by employing conformal field theory techniques. (Though 
less powerful techniques, e.g., sigma-model approach, in which the integration over massive 
string modes is carried out in the the background of the ten-dimensional manifold with the 
structure M^ x K where M^ is a four-dimensional Minkowski space and i^ is a suitable six- 
dimensional compact (Calabi-Yau) manifold, can also be employed.) The resulting effective 
theories contain as an ingredient A^ = 1 chiral superfields $* with action 

S[^, $] = / dhK{¥, ¥) + {[ d'^zWi^') + h.c.) (2.1) 

Here ¥ = ¥{z),_z^ = (a;", ^„, ^<i); a = 0, 1, 2, 3; a = 1, 2, d = 1,2, d^z = d^xd^Od^O. 
Real function K{¥, $*) is called the kahlerian potential, the holomorphic function M^($*) is 
called the chiral potential [^. Expression ( p.l|) represents the most general action of gauge 



neutral chiral superfields which does not contain higher derivatives at a component level |^ 



We refer to this action as the chiral superfield model of a general form. In a special case 
K{¥, $*) = $$, W{¥) ~ <l>^ we obtain the well-known Wess-Zumino model. For W{¥) = 
the present theory represents itself as a A^ = 1 supersymmetric four-dimensional sigma-model 
(see, e.g.,0). The action ( p.l|) , which originates from superstring theory, can be treated as a 
classical effective action of the fundamental theory, suitable for description of phenomena at 
energies much less than the Planck scale. Such models of chiral superfields are widely used for 
the study of possible phenomenological implications of superstring theories (see, e.g., recent 
papers |||, 0, 0, |T2], |18| and references therein). One of the most important aspects of the 
study of these models pertains to the investigation of the decoupling effects, which is the 
main subject of the present paper. 

The starting point in the study of the decoupling effects is the model with the classical 
action { \^.1\ ) and, for the sake of simplicity, two chiral superfields: a light one, 0, and a heavy 
one, $, i.e. $* = {$, </)}. The aim is to to calculate the low-energy effective action in the one- 
loop approximation and to compute the one-loop corrected effective action of light superfield, 
only. 

We refer to the model in which the kahlerian potential is of the canonical (minimal) form: 

ir(<l>,$,0,0) = $$ + 00 (2.2) 

as the minimal model, and the model in which 

ir($, $, 0, 0) = $$ + 00 + i^($, $, 0, 0) (2.3) 

with i^ 7^ - as the non- minimal one (in analogy with ||Tn|). We assume that the function 
i^($, $,0,0) can be expanded into power series in superfields $,$,0,0 where the leading 
order term is at least of the third order in the chiral superfields (and thus proportional to at 
least one inverse power of M) 



ir($,$,0,0) = ^ + ^... (2.4) 



The chiral potential M is taken to be of the form: 

W = ^^'^ + W{^,(t)) (2.5) 

where W is also at least of the third order in {$, 0} superfields. The functions W could have 
the following structure 

iy($,0) = 0$2 + $02 + 03 + <i>=^ + ^ + ... (2.6) 

with M as a massive parameter. Hence the possible vertices of interaction of superfields have 
the form 

The effective action r[<l>, $, 0, 0] is defined as the Legendre transform from the generating 
functional of connected Green functions [^ W[J^ J]\ 

exp(^W^[J,J,jJ]) = jv^V^V^>V^>e^^{^{S[^,^,^,^] + 

+ {j (fz{.m+3ip) + h.c.))) (2.7) 

r[$,$,0,0] = W[Jj]-{j <fz{J^+]<P) + h.c.) 

r[$,$,0, 0] can be calculated using the loop-expansion method. This method employs the 
splitting of all the chiral superfields into a sum of the background superfields $, and the 
quantum ones $,, 0c,, using the rule 

$ -^ ^+Vn^q (2.8) 

0-^0+ \/h(j)q 

As a result the action (p.l|) after such changes can be written as 

+ [jd'^ZW{<l>+Vh<l>g,(j)+Vh(j)g)+h.C.] (2.9) 

and the effective action takes the form: 

exp(^r[<l>,$,0,0]) = JV(j)gV^gV^gV(^gexp{^S[^ + Vn%,^ + Vh^g, 

+ Vh(f)q, + Vh(f>g] - 



(for details see [^, ^). The effective action ( |2.1CI| ) can be cast in the form r[$, $,0, 0] = 
S[^,^,(j),(f)] +r[$, $,0, 0]. Here r[$,$,0, 0] is a quantum correction in effective action 
which can be expanded into power series in h as 

oo 

f[$,<l,0,0] = 5:;i"r(")[<i.,<l,0,0] (2.11) 

n=l 

The one-loop quantum correction T^^^ to the effective action is defined through the fol- 
lowing expression [pT| : 



e 



j V<^,V^,V<P,V^,eM^Sf^) (2.12) 



Here Sf^ corresponds to the part of Sq ( |2.9| ) which is quadratic in quantum superfields. It is 
of the form 

+ [Jd''zW^^<!>l + W^^<^g(Pg + W^^(Pl + h.c.] (2.13) 

As a result we arrive at the one-loop effective action of the form 

r[$,l>,(/),0] = S + hT^^^=fdhK{(!>,^,(f),^) + [fd'^zW{^,(f)) + h.c.] + 

+ h{ f d^zK'-^\^,^,(l),^) + {f dhW'-^\^,(j))+h.c.)) (2.14) 

Here we suppose that the one-loop correction in the effective action T^^^ can be represented 
in the form 

rW = f d^zK^^\^,^,(l),^) + { f d'^zW^^\^,(l)) + h.c.) + . . . (2.15) 

Dots denote terms that depend on the supercovariant derivatives of the chiral superfields. 
The loop corrected effective action has the following structure 

r[$, $, 0, 0] = I dhLeffi^, Da^, DaDb^, $, Da^, DaDb^, 

0, Da(P, DaDb(P, 0, Da^, DaDb^) + {j d'zLl^jji^, 0) + h.c.) + ... (2.16) 

Here Da are supercovariant derivatives, Da = {da, Da, Da). L^ff is the effective super- 
Lagrangian that we write in the form 

Leff = i^e//($,5>,0,0) + ... 

oo 

K = ir($,$,0,0) + ;^;i"ir(") (2.17) 

n=l 

and L^'^^ is the effective chiral Lagrangian 

LW = iy^^^($,0) + ... (2.18) 



Keff is the kahlerian effective potential that depends only on the chiral superfields $, <!>, (p, (j) 
but not on their (covariant) derivatives. W^jf is the chiral effective potential that depends 
on on (holomorphic) chiral superfields {$, 0}, only. Dots denote the terms that depend on 
the the space-time derivatives of chiral superfields only. Furthermore, one can prove that the 
one-loop correction to the chiral potential is zero (for the N = 1 supersymmetric theory which 
does not include gauge superfields). However, higher corrections can exist (cf. |2^-[Q), i.e. 

oo 

We//($,0) = W{^A) + Y. ^"Vr^"H$,</') (2.19) 

n=2 

Here K'^'^'> and W^^'^ are loop corrections to the kahlerian and chiral potential, respectively. 

Since in this paper we concentrate on the one-loop corrected effective action only, we are 
mainly interested in the correction to the kahlerian potential which is the leading term in the 
one-loop corrected low-energy effective action. (At low energies {E <^ M) higher derivative 
terms are suppressed.) 

Our ultimate goal is to obtain the effective action for light superfields, only. For that 
purpose one must eliminate heavy superfields from the one- loop effective action r[$, $, (/>, (f)] 
(|2.14|) by means of the effective equations of motion. These equations can be solved by an 



iterative method up to a certain order in the inverse mass M of heavy superfield. Substituting 
a solution of these equations into the effective action ( |2.14| ) we then obtain the one-loop 



corrected effective action of light superfields only. In the following subsection we shall describe 
the procedure in detail. 

2.2 The effective equations of motion 

The effective equations of motion for heavy superfields in the model with the effective action 
(|2.14| , |2.15|) are of the form 



5$ ~ ■ 4 ^ (9$ ^ a$ ^ ^ 9$ ~ 

£.0 : -iB^(^ + ^) + f^ = (2.20) 

The effective equations of motion for light superfields have an analogous form. We consider 
the case when the interactions with the gauge superfields are absent (see however Section 5) 
and W^^'^ = (which is absent at one-loop level (cf., discussion above)). 

The equations ( |2.20|) can be solved via an iterative method, described below. We can 
represent the heavy superfield $ in the form 

$ = $0 + $! + ... + $„ + ... (2.21) 

where $o is zeroth-order approximation, $i is first-order one, etc.. We assume that |D^$| <^ 
M$ since the superfield $ is heavy, and thus the assumption is valid. The zeroth-order 
approximation $o can be found from the condition 

dW 



After a substitution of the expansion ( p.21[ ) into equations ( |2.2CI| ) we arrive at the following 
equation for the {n + l)-th-order solution for <i>„+i 



,dW.. 



D\dK 



<J>=<3?( 



4 'd^ 



0' 



#=$1 



• + 'J'n4 



dK. 



*=*n 



(2.22) 



OH 



(9$ 



#=$ 



0- 



.+*n-l + 



9$ 



l* = *0 + --- + *ri 



9$ 



<I> = $i 



OH 



and an analogous equation for $„+i. These sets of equations can be used to calculate $„ for 
any n > 1. Since the chiral potential is of the form W = ^^'^ + W (see eqs. (|2.5| - |2.6| ), eq. 
!.23|)) can be rewritten in the form 



M$ 



n+l 



+ 






l*=*oH 



I'n + l 






|'J>=<J>0- 



-*n 



D^ dK, 



|* = 'J>0 + --- + <I'n 



dK, 
9$ 



|'J> = <I>0 + ...+'J'n-l "T 



9$ 



l*=*0 + ---+*.i 



9$ 



l<I'=*oH 



(2.23) 



with an analogous equation for $„+i. As a result we can find $, $ in principle to any order. 
Thus, a substitution of the heavy superfields $, $ expressed in terms of light superfields 
by means of equations ( p.22| - |2^2^ ) allows one to obtain the one-loop corrected effective action 
of light superfields only. 



2.3 Calculation of the one-loop kahlerian effective potential 

Let us now consider the method to calculate the one-loop effective action. The most effective 
method consists of expressing the quantities in terms of matrices (matrix approach). First 

we write the heavy quantum superfield $g and light one 0g as a column vector: ipq = { , "^ . 



As a result, the part of the classical action that is quadratic in quantum superfields ( p.l3|) 
takes the form 



Here K^u and W are matrices of the form 



^tptjj 



K 



ipip 






w 



$# 






(2.25) 



The one- loop effective action |21] (4^) is of the form 



(2.26) 



where S'^^-'[?/'g,?/'g] is given by ( ^.241 ), Diljq denotes the integration over both (pq and $g. 

To perform the integration we employ the technique analogous to that used for the study 
of the Wess-Zumino model |22, p3]. First we consider a theory of a real scalar superfield q 



which represents itself as a column q = \ • The action for q reads as 

^° = -^ / d'zq^D'^D^D^q (2.27) 

where q^ is a string (row) of the form q^ = {u v). The effective action Ug for the superfield 
q can be obtained by the Faddeev-Popov procedure. We choose the gauge fixing functions 
x[q] = \D'^q — ^J and x[g] = \D'^q — ip, hence the effective action Ug is defined with the 
following integral: 

e'^" = f Dq6{-D^q-ilj)6{-D^q-ilj)exp{tS^)detMo (2.28) 

Here Mq is a Faddeev-Popov matrix 

M„ = ( ^ ° ^, -l^f ^ ) (2.29) 

where I2 is an unit 2x2 matrix. By definition, Ug is constant: since the theory of q is gauge 
invariant the corresponding effective action does not depend on ip (cf. ^, p3|). 

By multiplying the corresponding left-hand sides and right-hand sides of eqs. ( p.26|) and 
!.28|) we obtain 



exp(zr(^)[$, $] + lUg) = f VipVijjDuDv6{jD^q - ip)6{jD^q - ip) exp{iSg) x 

X detMoexp{iS^^\'4j,tp]) (2.30) 

Then we integrate over ■?/','?/' by means of the delta functions (cf. p2|, ^, |20|) and since e^^" 
and detMo are constants we arrive at the following expression for the one-loop effective action 
for the superfields ip, ip: 

exp(zrW) = /"Dgexp(z5[g]) (2.31) 

which leads to 



2 



r(i) = -TrlogA (2.32) 
Here Tr is a functional supertrace, and 

S[q] = ^qAq (2.33) 

A = oU-^{K^^-1){D',D'}-^W"d'-^W"d' (2.34) 

The terms proportional to the supercovariant derivatives of K^^, W and W are omitted 
since the one-loop kahlerian effective potential by definition does not depend on the deriva- 
tives of superfields. 



10 



In order to determine Tr log A we use the Schwinger representation 

ds 



/ds 
— exp{isA) exp{isO) 



Here tr denotes a trace of the matrix. Since A is a matrix operator we turn to the problem 

of calculating the exponent of the matrix. Let Q = exp(zsA). Then the matrix equation for 

fl reads 

d 
-i—n = nA (2.35) 



ds 
Here A is a matrix operator of the form 

^^iK,,-l){D^D^}-\w"D^-\ 



A = --{K^^ - \){D\ &} - -W"& - -W"D^ (2.36) 



In order to solve the equation (|2.35|) we represent Vt in the form of an expansion in terms 



of a spinor supercovariant derivatives 

+ \c{s)D' + \c{s)D' (2.37) 



The equation (|2.35|) leads to the following system of equations for the coefficients A, _B, C, 



-A = F + AFn-CW" (2.38) 

i 

i 

-C = -W" -AW"n + CFn 
i 

and an analogous system of equations for A,B,C, which can be obtained from this one by 
changing W into W and vice versa. Here F = 1 — K^^. Since the initial condition for Vt is 

i^|s=o = 1 the initial conditions for A, A, B, B, C, C) are v4|s=o = ^|s=o = C*|s=o = C\s=q = 0. 
The solution for 5", 5" evidently has the form B'^ = 13°" = 0. The manifest form of the 
matrices A, A C, C, necessary for exact calculations, is of the form 

Here index 1 denotes the sector of heavy superfield $ and 2 the sector of light superfield (j). 
Now let us solve the system for matrices A, C. The solution for A, C can be easily obtained in 
an analogous way since the system with S" = S° = is invariant under the change A ^ A, 
C ^C. 

Let us study the solution for A, C which should be chosen in the form 

A = Ai + Ao (2.40) 

C = Ci + Cq 

11 



Here Ai, Ci is a partial solution of the inhomogeneous system, and Ao, Cq is a general solution 
of the homogeneous system. It is straightforward to see that Ai = — in~^, Ci = 0. And Aq, 
Co should satisfy the system of equations 

-Aq = AoFn + CoW" (2.41) 

-Co = AoCa + CoFa 
i 

Ao, Co should be chosen to be of the form Ao = Oq exp{iujs), Co = Cq exp{iujs) where ao, Cq, a; 
are some functions of the background superfields and the d'Alembertian operator, but are 
independent of s. As a result we arrive at the equations for oq, cq: 

ao{ujl - Fa) + cqW" = (2.42) 

coiujl- Fn) + aoW"n = 

This system of equations has a non-trivial solution at 

, J uoh-FB W" \ ^ ,^ ,^, 

det ,-=u, ^ =0 (2.43 

\ W a uh- Fa J ^ ^ 

In principle, parameters u can be found from this equation. Their exact form is determined 
by the structure of the matrix W and F. It turns out that for the specific cases studied in 
detail the subsequent sections (minimal (Section 3) and non-minimal (Section 4) cases) these 
parameters are different. As a result the final solution can be cast in the form: 

A = ^aofcexp(iu;fcs) - — (2.44) 

k 

C = ^cofcexp(2t^fcs) (2.45) 



where Uk are all the roots of the equation ( p. 431) and aok, cok are values of ao, cq which can 



be found from ( p.42| ) for the corresponding root Uk- dok, Cok are fixed by means of initial 
conditions. 

Since only the coefficients A and A in ( ^.35| ) contribute to the trace Tr log A the one-loop 
kahlerian contribution to the effective action ( p.32| ) can be written in the form 

K^'^ = -7; -triA + A)U{x,x';s)U=,> (2.46) 

2 Jo s 



where U{x,x';s) = exp{isO)S^{x — x') (see p2|, |2^) and tr denotes a trace of the matrix. 
The operator U{x,x']s) satisfies the equation 

1 d 

UU = -—U (2.47) 

I OS 

and U{x, x'; s)\x=x' = tttty- ^' ^^^ ^ ^^^ functions of □. Hence in order to calculate the 

one-loop kahlerian effective potential it is necessary to find A and A and to expand them 
into a power series in □. 
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In this section we addressed in detail the techniques needed to calculate the one-loop 
corrected effective action, to eliminate the heavy fields and to obtain the effective action of 
light fields only. In the subsequent sections these techniques will be applied to obtain the 
explicit form of the one-loop corrected actions for specific models. In Section 5 we shall also 
include interactions with the U{1) vector superfields and modify the procedure accordingly. 

3 One-loop effective action for minimal models 

In this section we study decoupling effects for the model with minimal kahlerian potential 



(|2.2|) K = $$ + (j)(f). The first part consists of calculating the one-loop correction to the 
kahlerian effective potential. In the second part we solve the effective equations of motion 
for the heavy superfields. As a result we arrive at the effective action of the light superfields. 

3.1 Calculation of the effective action 

3.1.1 The one-loop kahlerian effective potential 

Here we are going to calculate the one-loop contribution to kahlerian effective potential by 
means of the effective equations of motion. We study the minimal model with the chiral 
potential in the form 

with the corresponding functions in W (see eq.( |2.25| )) 

W^^ = \<^ + g(p 

W^^ = M (3.2) 

The total classical action with the chiral potential ( p.l|) is of the form 

S = fd^z{^^ + $$) + [j (fz{]-{M^^ + A<l>02) + ^^0^) + h.c] (3.3) 

Note that the chiral potential used is of the "minimal" form: it involves the renormalizable 
terms only and the renormalizable coupling between the light and heavy superfields is linear 
in the heavy fields, which yields a dominant contribution in the study of the decoupling 
effects. These types of couplings are typical for a class of effective string models after the 
vacuum restabilization was taken into account, and thus this minimal model provides a 
prototype example for the study of decoupling effects in A^ = 1 supersymmetric theories. 



(The results for this model and the physics consequences were presented in [jT8[. For the sake 
of completeness we present here the intermediate steps in the derivation.) 
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In order to find the one-loop kahlerian effective potential we should determine the operator 



il{s) that satisfies the equation (|2.35| ). For the case of this minimal model this equation leads 



to the following system of equations for matrices A, C: 

-A = -CW" (3.4) 

-C = -W"-AW"u 
i 

with the analogous equations for A,C. Initial conditions are A\s=o = A\s=o = C\s=o = 
C\s=o = 0. Calculations described in Appendix A show that the one-loop contribution to 
kahlerian effective potential is of the form: 

K^'^ = -^((1^"^ + 9M' + 2AV0 + M'+ (3.5) 



+ J{\X^ + g(j)\'^-M^y + 4\X'^^(f) + XM(f) + Xg\(f)\^)\^) x 



(|A$ + #p + 2X^(j)(j) + M^ + J{\X^ + g(j)\^ - M2)2 + 4|A2$0 + AM0 + Xg\(j)\^\^) 

X log ^- h 

(^ 

+ (lA* + #p + 2AV<^ + M^ - y^(|A<l> + ^0|2 - M2)2 + 4|A2$0 + AM0 + A^|0|2|2) x 



(|A$ + #|2 + 2A200 + M2 - .J(|A<I> + ^0|2 - M2)2 + 4|A2$0 + XMcp + A^|0|2|2) 
X log ^- 

/i2 

and the effective action in the one-loop approximation is of the form 

r« = / rf8;z(00 + $$) + (/ d^zi^M^^ + <l></.2) + h.c.) - 7^((|A$ + #p + 
+ 2A2# + M^ + a/(|A$ + ^0|2 - M2)2 + 4|A2$0 + XMcj) + A^|0|2)|2) x 



(lA^ + #|2 + 2A200 + M2 + J{\X^ + ^0|2 - M2)2 + 4|A2$0 + AM0 + A^|0|2|2) 
X log "^ h 

/i2 



+ (|A<I> + g<pY + 2AV0 + M2 - J{\X^ + ^0|2 - M2)2 + 4|A2$0 + AM0 + A^|0|2|2) x 



(lA^ + #|2 + 2A200 + M2 - J(|A<I> + ^0|2 - M2)2 + 4|A2$0 + XM<p + A^|0|2|2) 

X log ^ 

//^ ^ 

Here parameter /x is is the renormalization scale parameter (see Appendix A). This is the 
focal result of this section and is further used for the study of decouphng effects. Note also 
that the same result can be obtained via a diagrammatic approach, which is described in 
Appendix B. 

3.1.2 Corrections to the chiral potential 

Let us now address loop corrections to the chiral effective potential. By definition the chiral 
effective potential depends only on chiral background superfields, i.e. in order to consider 
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corrections to the chiral effective potential one must set $ = = 0. Possible vertices 
contributing to one-loop effective potential should be quadratic in quantum superfields ^1 . 
They have the form 

K^^^^ K^^(t>\ {K^-^ - 1)00, ]^W^^ct>\ 
K^}4>^, K^4,<^(l>, (ir$^)$0, -W^#0$0, 

Ki^$^ ir$$<l>^ {K^^ - 1)$$, ^1^$$$' 

Here all derivatives of K and W are taken at $ = = 0. The standard method to address 
these corrections (H^^lHI) is the following. Corrections contributing to the chiral potential 
should be of the form: 

/dV(<|.)(-^M$) (3.6) 

Namely, after a transforniation to an integral over the chiral superspace by the rule 
/ d^zF{^, ^) = I d^z{ - ^)F($, $) these corrections take the form 

<fzfmg{^) (3.7) 

Here /($), (7($) are functions of the chiral superfield $, only. 

However, factor D"^ in ( |3.6| ) can arise only from propagators of massless superfields as 
propagators of massive superfields are proportional to (□ — m^) . Namely, in the case of 
the massive chiral superfields, instead of (|3.6| ) we must consider the expression 

d'zf{^){- J^' )gm (3.8) 

4(n — ni'^) 

A transformation to the form of an integral over the chiral superspace leads to 

d'zfm{-^)g{^) (3.9) 

which after Fourier transformation is of the form 



(27r) '>2^m2 

This expression evidently vanishes for superfields slowly varying in space-time, {p^ — > 0) 
and m 7^ 0. Hence supergraphs contributing to the chiral effective potential cannot contain 
massive propagators. 

Let us now carry out a dimensional analysis of possible one-loop diagrams contributing 
to the chiral effective potential. Each loop corresponds to a contribution with a scaling 
dimension 2 since each loop includes an integration over momenta which contribute a scaling 
dimension 4, however each contraction of the loop to the point by the rule 612DIDI612 = 16(5i2 
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decreases a number of D, D- factors by 4 and the corresponding scaling dimension by 2. Each 
propagator of a massless superfield gives no contribution (scahng dimension 0) since it has 
the form (cf. |20|) 

G{z,,z,) = -^^5\z,-z,) (3.11) 

loD 

(It is more convenient for dimensional analysis to associate D-factors with propagators instead 
of vertices.) Each vertex proportional to an external chiral superfield corresponds to one 
factor D^ instead of two since one of them is used to transform a vertex to a form of an 
integral over df'O. As a result such a vertex decreases a scaling dimension by 1. One of 
the factors D^ does not contribute to the scaling dimension since it is used to transform 
the expression ( |3.6|) to the form (|3.7|) . Then, during such a transformation one more square 
of external momenta arises. Therefore the scaling dimension due to contributions from a 
one-loop supergraph has the form 2L + 1 — ny^" , where L is the number of loops (in our 
case L = 1), and ny^" is the number of external chiral lines W . By definition the effective 
potential is an effective Lagrangian in the low energy (infrared) limit p^ — > 0. Hence a 
non-trivial one-loop chiral effective Lagrangian can arise only for 

3-n,^»=0 (3.12) 

Otherwise the contribution would either vanish or be singular in the infrared limit. We also 
note that the vertices proportional to derivatives of ir($, $) do not contribute to the scaling 
dimension. 

Furthermore, chiral potential contributions should contain one factor D"^ more than L>^ 
after a transformation of all vertices to the form of integrals over d'^O. The reason for this is 
the following. After each pair D^D^ is transformed to a d'Alembertian operator, one factor 
D^ should be employed to transform the integral over d'^O into an integral over d'^6 (see 
(P)-(O)). 

It is easy to see that one of two factors D^ associated with the vertex proportional to 
Ki^^ can be transported only to an external line Kq,^ during the "D-algebra" transformations. 
However, all the derivatives of K and W are considered at $ = 0, and therefore D^Ki^<^ = 0. 
As a result we can put i^$$ = 0. 

Now let us consider the possible one-loop diagrams contributing to the chiral effective 
potential. At the one-loop level n^/' = 3 (see above) and each external line W corresponds 
to D^. Hence the supergraph should contain four D^-factors, i.e. two vertices proportional 
to K^^. However, a straightforward construction shows that such a diagram must contain 

the line proportional to ^^ ^ 612 = 0. Hence a contribution of such a diagram is equal to zero, 
and a one-loop contribution to the chiral effective potential is absent: W^^\^) = 0. We note 



that this situation is analogous to the general model of one chiral superfield studied in [^ . 
However, higher order (loop) corrections to the chiral effective potential can arise not 
only for diagrams with external massless lines but also for those with heavy external lines, 
in spite of the fact that it was commonly believed that quantum corrections to the chiral 
effective potential for massive superfields are absent. For example, consider the supergraph 
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£>= 



2 X 



D 



D' 






Here a double line denotes the external superfield $, and a single line corresponds to the 
propagator < 00 > of the massless superfield 0. A contribution of such a supergraph is of 
the form 

'^'^fT l^l'/ ld%d%d%d%d%{^)x'^-p,,e,M-p,,e,)^p,+p,,e,) x 

1 

X 



P/2(A; + p^f{l + p2)'(/ + A;)'(/ + A; + pi + p^f 



n2 r)2r)2 r)2r)2 

O14O42 — 77; — Cl5'352 



iJ 4 ■^^ 16 
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(3.13) 



After a tedious calculation analogous to that carried out in [^ we arrive at the expression: 

k'^pl + fpl + 2{kl){pip2) 



m\k + pif{l + p2f{l + A;)'(/ + A; +pi +P2)' 



(3.14) 



which can be cast in the form 
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X' d^e 



d^Pid^P2 



iy"'2$(-pi, ^)$(-p2, ^)$(pi + P2, ^)^(pi, P2) (3.15) 



'3!' 7 J {2Tiy 
Here pi,p2 are external momenta. The expression for S{pi,p2) is of the form 
d^kdH k^pj + I'^pI + 2{kl) {P1P2) 

{2Tlf kn\k + pi)\l + P2)'(/ + k)\l + k+pi+ P2f 



After Fourier transformation, eq. (|3.15| ) has the form 

I = [Ia\^ fd^e f d^xid^X2d^X3 f ^^^^^^Xi,eMx2, 6)^X3,6) X 
31 J J J (27r) 

X exp[i{-pixi -P2X2 + (pi +P2)x3)\S{pi,p2) 



(3.16) 
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The effective potential is obtained from the above expression by taking superfields that slowly 
vary in space-time, i.e. we take ^{xi,6)^{x2,0)^{x3,6) ^ ^'^{xi,6). As a result one obtains 

/ = {l^)\'Jd'eJd'x^d'x,d'xsJ^^^0^<i>Hx„e)x 

X exp[i(-pixi -P2X2 + (pi +P2)x3)]S{pi,p2) (3.17) 



The integration over d*X2d'^X3 leads to delta-functions S{p2)S{pi+p2) and hence the eq. ( ^.161 ) 
takes the form 

/ = (|)'a' / d'9 J rf4xi$3(xi, 9)S{pi,p2) U,p,=o (3.18) 

Therefore the result for the two-loop contribution to the chiral effective potential due to this 
diagram is of the form 

^ C(3)(|r)V$^ (3.19) 



(167r2)'"'^''3! 
As the last step we took into account that 

d^kdH kY^+l^pl + 2{hk2){piP2) 



2 lpi=P2=0 



rC(3) 



(27r)'' kn\k + p^Y{l + p2)\l + kY{l + k + p^+ p2r '"^"'^^ (47r 

We have therefore demonstrated that chiral corrections to the effective action that depend 
on massive superfields can also arise. However, such effects can appear at the two-loop level 
at most, and after solving the effective equations of motion for heavy fields such corrections 
are proportional to ■^. Therefore, they are highly suppressed compared to the decoupling 
effects due to the one-loop corrected kahlerian effective potential. In the following we shall 
concentrate on the latter effects only. 

By analogous reasoning, corrections to the chiral effective potential that involve a coupling 
of the heavy superfield to the hght ones, are of the form ^^ a (^(3)(|y) X^^cp'^ which is of the 
same form as the corresponding classical chiral effective potential term. They are described 
by supergraphs analogous to those given above, but with one heavy external line and two 
massless ones. At the two-loop level K^jf = K + K^^'^ + K^-^\ and Wejf = W + W^"^^ 
where /T^^^ and W^'^'' are two-loop corrections to the kahlerian potential and chiral potential, 
respectively. W^'^^ depends non-trivially on $. Hence the presence of such a correction to W 
should modify the effective equations of motion ( p.22| , |2.23|) . After substitution of the solution 
of effective equations of motion into the effective action, W^'^^ turns out to be suppressed by 
j^, i.e. it can have the form ~ jj. Hence the effective dynamics of the two-loop corrected 
theory allow us to conclude that a two-loop contribution to the effective superpotential can 
yield corrections of order -^, i.e. it can be competitive with the leading tree-level (classical) 
decoupling effects. 

3.2 The effective action for light superfields 

Now we solve the effective equations of motion for this minimal model that allows us to 
eliminate heavy superfields from effective action up to some order in the inverse powers 
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of the mass parameters, and as a consequence obtain the one-loop effective action of hght 
superfields only. The one-loop corrected effective action is given by ( p.6| ). The effective 
equations of motion for the heavy superfield with the chiral potential (|3.1j ) have the form 

7r = °^ -iz,^(4 + ^) + Mt + ^#= = (3.20) 

As described in the previous Section these equations can be solved for the heavy superfield via 
an iterative method and a subsequent substitution of this solution into the one-loop corrected 
effective action. (Analogous equations for are not essential since our aim is to minimize 
the effective action with respect to heavy superfields.) 

Now let us solve the equations ( |3.20D via the iterative method. Using |D2$| -C M$, since 
we consider the case with large M ^ p, one finds that the lowest (zeroth) order solution of 
these equations is 

$0 = -A-^ (3.21) 

" 2M ^ ^ 

and with the corresponding value for $o- 

The first order correction (cf. ( |2.22| )-( p.23| )) is obtained from the equation 

1 - - BK^^^ 
*' = 3M^<*» + ^irl'-"' P.22) 

where $0 is given by ( |3.21| ). As for higher order corrections, they can be found by continuing 
the iterative procedure. 

It turns out to be that for the case with (yf 7^ 0, $1 is of order -^ (as $0), and it is of the 
form 

On the other hand for the case with g = (i.e. the self-interactions of the light superfield in 
the classical chiral potential are absent), $1 is of the order -g^ and takes the form 

^^ = ^aF+32^2M^^{|^I(^ + ^°^7^) + 

+ (y + I'^I)(1 + M5A^-A^ ])} + ^W 

As for the second order correction $2, it is proportional to -gj for (? 7^ and to -^3 for (7 = 0. 
Note, the cases with g = and g j^ lead to essentially different expressions for the heavy 
superfield $ in terms of the light one 0. 

For the calculation of the effective action for the light superfield it is convenient to expand 
K^^^ (|375|) into a power series in jj (up to the order -^): 

K^'^ = -^{(4A2|0|2 + 2^(A$ + ^0 + /^.c.)|0|2 + M!(^4 + 2AV))(l + log^) + 
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+ [2|A$ + #p - 2^(A$ + gct^m' + ^(2A^ - / - 2AV)] x 



.2|A$_^^_^2 



X (log{ ' .7^' -^r7-^(A$ + ^0 + /^.c. 



Here we took into account that $ is suppressed by at least one inverse power of M. In the 
following we shall substitute the solutions of effective equations of motion into the expression 

(ill- 



3.2.1 Contribution of the self-interaction of the light superfield 

First we consider the case g ^ Q. In this case we can write $ = $o + "^i in the form (cf. 

^-^-sSmMi--^))-^'^) (3.25, 

Its substitution into (|3.24|) leads to the expression 

g^\(j)\^ A ,-, A02 D^ 



A-' ^ --l,2/|,P{>o,i^ + -A^(,(-^ + A,- 



:i + 



327r2 ^ '^' L ° ^2 g\(t)\'^^^^ 2M "^ Utt^M' 

- 2^,(0 + 0)|0plog^ + O(^) (3.26) 

Here a factor e = exp(l) is introduced to cancel superfluous factor —1. 

As for the chiral potential which has the form ( p.l|) it can be written as (cf. ( p.25|) ): 

^ = 3^^ - 8 ^ + Wl ei^^'^^' + ^°s ^I^))} + ^^M^) ('-2^) 

The effective action for light superfields can now be written up to the order j^ in the form 

^e//[0, 0] = Sf.M, 0] + S^fM, 0] (3.28) 






where S'gi.[0, 0] is the classical part: 



9^3 lAV , AVf D^ ,T,, , , 29=1^1^ " 



+ h.c.} + Oi^) (3.29) 



•M2- 
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and S'gjj[0, 0] is the quantum part: 



^efA 



1 



+ 



327r2 
A 



dh 



2g' 



9\<P\ 



,(.(-^ + A« 



2 — (7(0 + 0)|0|^log 



^{log 

64n^M 



fX^ 



+ 



^^' 



[0(1 + log 



9^ 



fX^ 



-)] + h.c.)) 



M g - 



(3.30) 



The main feature of the expressions (|3.28|) - (|3.3CI| ) is the fact that with increasing M the 
leading contribution of the decouphng effects grow logarithmically with M. Let us fix /i by 
imposing the condition log ^^ = —1. This renormalization condition eliminates from the 
one-loop effective action the terms that are proportional to A, i.e., the coupling of the heavy 
and light superfields in the classical action. As a consequence, S^i in eq. (p.30|) is of the form: 

This term increases as M — >■ oo and becomes leading in comparison with the classical con- 
tribution (|3.29|) which in the limit M — *^ cx) is of the form: 



Sfffi 



d^z<f>^+{jd'z^<f>' + h.c.}+0{j^) 



Alternatively, we do not fix n and address the effective action ( |3.28| )-( PT^ ) at energy 
scales specified by the values of /i. In the leading (zeroth) order in j^ expansion the quantum 
effective action ( 3.301 ) in the form 



^effl 



327r 



L_(4AVl^(l + log '-f) + 2|«^P(log ?M1) } H. O(-L) (3.31) 



As fi is taken as a free parameter, describing the effective theory at energy scales /i, we see 
that the second term of this expression (proportional to log ^^-) can become competitive with 
those of the classical action as /i <^ M ^ oo. Therefore from both perspectives, i.e. when 
we fix n and when we treat /x as a free parameter, the decoupling effects grow logarithmically 
with M and as M — > cx) they become dominant. Hence the appearance of such terms is not 
an effect caused by a choice of normalization parameter n but it is a genuine property of the 
model itself. 

The total one-loop effective action can be finally written as 

:{4A2|0p(l + log^)+2M2(log.2''^"" 



S, 



effi 



dh 



h 



327r^ 



fi^ 



^^' 



+ 



+ [- d^zg4>^ + h.c.] + 0{ 



(3.32) 



1 
'3! 7 " ~^~^ ' '^""' ' "'M' 

Here we took into account that all the terms that depend on the heavy superfield $, after 
the substitution of the solution of the effective equations of motion, are at least of the first 
order in the inverse mass M. 
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According to the decoupling theorem when we ehminate heavy superfields via effective 
equations of motion we can spht any quantum correction to the effective action into a sum 
of two terms. The first term is a quantum correction in the corresponding theory describing 
dynamics of hght superfields only, with heavy superfields put to zero, i.e. the standard 
Coleman- Weinberg potential associated with the interaction of the light fields only. The 
second one corresponds to a sum of terms that are proportional to at least one power of -g . 

To convince ourselves that our results are in accordance with the decoupling theorem, we 
introduce the following field and coupling redefinitions. First, we see that the kinetic energy 
term (proportional to |0p) of the one-loop effective action is of the form 

mi-^{4A^(l + .og^)}l 

We can redefine the kinetic energy term by the rule 

= Z0 (3.33) 

where is a new chiral superfield, and Z is a finite renormalization constant equal to 

Z=[l-,^,^X\l + log^)] (3.34) 

Then, if we also redefine coupling g by the rule g = Z~^g we see that the chiral potential gcj)^ 
remains invariant. We note that the coupling A corresponds to the interaction between light 
and heavy superfields, and after a redefinition of the hght superfield (|3.33| ) it will present 
itself only in terms that are at least first order in the inverse mass M. (Note also that 
analogous redefinitions of the superfield and couplings could be carried out at higher orders 
of the effective action.) As a result we arrive at the one-loop effective action of the form 



4;;2| j,|2 



Seff[<P,<P] = Jd^\^\^-^^2zr\4>\Vog'-^^)} + 



+ [I d'zl^~g4>^ + h.c.] + 0ij-) (3.35) 



However, we can expand Z ( p.34| ) into a power series in h as 



h .,o.. , 2M' 



2 



Z = l-^^^4X\l + log-^)+0{h^) 



Substituting this expansion into ( p.35| ) and taking into account only terms of zeroth and first 
order in h we arrive at 
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Seff[<P,<P] = Jdh{\^\^-^^2~g^miog'-^)} + 



+ [ldhy4>' + h.c.]+0{^) (3.36) 
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This effective action coincides at the zeroth order with the form of the one-loop effective 
action for the "pure hght" theory where quantum corrections originate from the couphngs of 
the hght fields only. Therefore the result for the effective action of light superfields given by 
expressions (|3.28 - p730 ) is in formal agreement with the decoupling theorem. 



Note, however, that the parameters of the theory, i.e. fields, masses and couplings, 
are determined from the string theory; they are fixed-calculable at Mstring and therefore 
they cannot be adjusted via redefinitions performed above. Thus, the corrections due to 
decoupling effects correct in a quantitative manner the predictions for the low-energy values 
of the couplings. For a class of perturbative string vacua with an anomalous U{1) after the 
vacuum restabilization, the effective theory has couplings of the heavy and light fields of the 
type discussed in this section. Typical values of the couplings g and A (at Mstring ~ 10^^ 
GeV) are of the order of the gauge coupling ~ 0.8 and the mass parameter of the heavy fields 
M ~ Mstring- The decoupling effects then modify the low-energy (yU ~ 1 TeV) predictions for 
the corresponding tri-linear couplings of the light fields by an amount of order -^;^ log(^) ~ 
0.25. corrections, and Thus for such classes of string vacua decoupling effects could correct 
the predictions for the couplings by 10% - 50%. 

3.2.2 Absence of the self-interaction of the light superfield 



Now let us put (? = in ( p.lD , i.e. a self-interaction of light superfields is absent. In this case 
$1 is of the order -^ and $ = $o + "^i takes the form 

$ = -A— — \ ^—-^ + 

2M 8M2 

+ 32^2M^^ l^T + l*^' ^^^ + ^°^^^^ MV " MV ^^^ ^M^^ 

The one-loop kahlerian effective potential is of the form 

^ i'^¥W^^-'%^^'^m^Oi±,) (3.37) 

As a result, in this expression the leading order correction is proportional to -^. The classical 
Lagrangian takes the form 

5*0 = 00 + $$ 

which for this case looks like 

^0 = 00+^ (3.38) 

and the chiral potential, which is of the special form: 
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can be written as 



W 



l^^^(XD\(f)') X' -2/,0^ ,^,2,,, 



8 M 4 "^ ^ 8M2 647r2M2 V^ 2 

|4 |J,|2 



^ '°^l^*IP7-^*IP7(^= + ^^)l))}H-0(i) (3.39) 

As a result the total effective action of light superfields for this case can be cast in the form 

5e//[0, 0] = 5:^/[0, 0] + S!jf[<l>, 0] (3.40) 

where S'^i J(/), </>] is a classical part of the effective action which is of the form 

+ W''"< Sir + 4^*1^5^ + 6S5]gj^l(y + l'*l)(2 + 



X 



('°^-|^'5P^-^'5P7<^^ + ^^'l)}+0(]i^) (3-42) 

To convince ourselves that the results are consistent with the decoupling theorem, we can 
again carry out the field redefinition ( p.33[ ) with the finite renormalization constant ( |3.34| ). 



As a result we arrive at the one-loop effective action of light superfields which is a sum of 
(13.411) and ( p.42|) and has the form 

%/[0,0]=/^'#0 + O(^) (3.43) 

Therefore we find that in the absence of self-interaction of the light superfield the effective 
action for 0, (p, after a suitable choice of fi and redefinitions of fields and couplings becomes a 
sum of the classical action of the light superfield and terms at the one loop level that are at 
least second order in the inverse mass parameter. Hence the result ( 3.41|) -( p.42|) for the effec- 



tive action of the light superfield is again consistent with the decoupling theorem. However, 
note again, since the parameters of the theory (fields, masses, couplings) are determined from 
string theory, the one-loop decoupling effects again modify in a quantitative manner the low 
energy predictions for the couplings. 

4 One-loop effective action for non-minimal models 

In this section we generalize the discussion to the case of non-minimal models. We consider 
examples with the kahlerian potential of the form ( p. 3]) . However, as it turns out an exact 
computation of the one-loop correction in the effective action for a general form of K leads 
to essential difficulties. Therefore we consider two specific examples. 
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4.1 The model with heavy quantum super fields and external light 
superfields 

4.1.1 Calculation of the effective action 

We consider for example the theory with the action 

S = I rf8;^(00+ (1 + ^(0 + 0))$$) + 

+ (y'rf6z[i(M + c0)$2 + ^$02]^/i.c.) (4.1) 

which corresponds to the functions K and W of the form 

W = ^(M + c0)$2 + ^$02 

- <y - - 

K = $$ + —(0 + 0)$$ (4.2) 

In principle it is possible to consider the effective action for the general case when both 
light and heavy superfields are split into a sum of background and quantum parts. However, 
calculation in this case is very complicated; hence in order to simplify the computing we put 
light superfields 0, to be pure background ones. Heavy superfields $, $ are split into a 
sum of background superfields $o, $o and quantum ones $, $ by a standard way 

$ ^ $0 + $, $ ^ $0 + $ 

As a result the quadratic action of quantum superfields looks like 

S = y'rf8^([l + ^(0 + 0)]$$) + (y'rf^(M + c0)$2 + /i.c.) (4.3) 

and does not depend on heavy background superfields. Therefore the one-loop quantum 
correction in the effective action is also $o, $o independent due to the special (quadratic) 
structure of action (41) in heavy superfields. In this case the column vector -0 (see Section 
2.3) consists of the heavy superfield $ only, and all the derivatives with respect to tp are 
equivalent to those with respect to $ only. 

The one-loop correction in the effective action T^^^ can be defined in this case by the 
equation 

e^r'^' =/'/}$£)$ exp(z5(')) (4.4) 

where 5*2 is the part of the action quadratic in quantum superfields $, $ (see Section 2.3) 

+ [f(fz^W^^<l><l> + h.c.] (4.5) 
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and if$$, K^^, 7^$$ are functions of light background superfields (p, 0, only. 
Using ( [4 .41) one can write T^^^ as 



I 



r« = -rrlogG'(^) (4.6) 



The straightforward calculation of the effective potential based on ( |4.6|) is very complicated 
because elements of the matrix G^^^ are defined in different chiral superspaces hence their 
chiralities are mixed. However, in this model it is possible to employ a technique analogous 
to that one used in |^, ^ . Namely, let us consider a theory of a real scalar superfield with 
the standard action 

S^ = -— I d^zvO'^D^D^v (4.7) 

16 J 



This theory can be quantized using the Faddeev- Popov procedure (cf. ||2^, |2^), and the 
effective action W^ corresponding to this theory can be determined by the following integral: 

^w. = I Dv5{jD'^v - ^)5{jD^v - $) exp(25JrfetMo (4.8) 

Here Mq is a Faddeev-Popov matrix. 

It is evident that Wy is a constant: since the model ([4.7| ) is gauge invariant its effective action 
does not depend on $ (cf. p2|, ^). 

If we multiply the corresponding left-hand sides and right-hand sides of ( [4. 41) and ( [4.8|) 
we obtain 

exp(zrW[0,0] +iiy^) = f V<^V^Dv6{jD^v - ^)6{jD^v - $) exp(z5^)detMo x 

r - 1 - - 1 

X exp(i{ / dh{K^^^^ + -i^$$$$ + -K^^<^<^) + 

+ [Jd^z^W^^<l><l> + h.c.]}) (4.10) 

Here Sy is given by (|4.7| ). Then we integrate over $, $ by means of delta functions (cf. 
P^ , |23| , pop and since e*^" and detMo are constants we arrive at the following expression for 
the one-loop effective action for the superfields 0, 0: 

exp(irW) = f Dvexp{-vAv); T^^^ = -TrlogA (4.11) 



where 



+ h^D^K^^)D^ + h^D^K^^)D^ (4.12) 
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This expression can be used to calculate the explicit form of the one-loop effective action. 
We note that the last two terms in this expression depend on derivatives of the background 
superfields and therefore do not contribute to the kahlerian effective potential. 

To find the one-loop effective action from ( [4.11| ) we use the Schwinger representation 



Tr log A = rr / — e*^^ 
J s 



(4.13) 



Since the kahlerian effective action (by definition) does not depend on supercovariant deriva- 
tives of superfields, one calculates the kahlerian effective potential via proper-time method 
where one can omit the last two terms in ( [4.12|) and obtain (cf. p2| , p3| ) 



i^(i) 



2 J s 



(fzi(fz25^{Zi-Z2) 



ds 



isA'isO 



5%z, - Z2) 



(4.14) 



where 



A' 



lo 4 

D + H{D'^, D^} + -W"D^ + -W"D^ 

>- ' J 4 4 



4 



(4.15) 



Here W" = W^^, H = j^{Ki^^ — 1). After calculations described in Appendix C we arrive 
at the renormalized one-loop correction in the kahlerian effective potential in the form 



j^(i) 



327r2 



d'z 



WW' 



log I 



WW 



f^'K 



2_ 



(4.16) 



In the case when K and W are given by ( |4.2| ), and we can write this correction as 



K(^) 



327r2 



d'z- 



\{M + cq 



T\n2 



(1 + ^(0 + 0)) 



log{ 



|(M + c0)p 



/.2(l + ^(0 + 0))^ 



(4.17) 



We note that the result for the one-loop contribution to kahlerian effective potential does not 
depend on A. This result, however, is natural since the vertex A<l>(/)^ is linear in the quantum 
superfield $ and hence it can lead to one-particle-reducible diagrams, only. The same follows 
from ( [4. 151 ) with K and W given by (^). 

To study the effective action of light superfields in the model one can expand the K^^' 
into a power series in the inverse mass. 



4.1.2 Solving the effective equations of motion 

Let us consider decoupling effects for the non-minimal model with the one-loop kahlerian 
effective potential given by ( [4.17|) . The result (|4.17| ) can be represented as a power series in 
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j^. The leading order terms in this expansion have the form 



M 



K^'^ = --^f00[2(c2-3ac + 2a2) + (c2-4ac + 6a2)log^] + 



+ 



+ 



;iog 



M2 



'-12a^ + 9ca^ - 2ac^) + 



+ (3q;^ - 2ac) (c - a) + (6a^ - 4ac + c^) (c - a) + 



(4.18) 



For i^, VT of the form ( |4.2| ) the effective equations of motion (|2.22| , pl23|) take the form: 



-M$(l + a^±^ 
4 ^ ^ M 

4 ^ ^ M 



■)) + (M + c0)<l> + 



A 







■)) + (M + c0)<l + ^02^O 



(4.19) 



The zeroth order solution is 

$0 



A 



2{M + c(l)y 
Due to ( |3.20|) the nth order equation has the form 



2^^' + ^(iiZ^) 



- Jl''($„_i(1 + «^)) + (M + c0)<l>„ = 



(4.20) 



and the analogous equation for $„. Hence the first order approximation can be written as 



$1 



-D' 



A 



^^(1 + a^)) 



16^^^^^^) + ^(a^) 



4(M + c0) ' 2(M + c0)^ '* ' M 

As a result we can substitute $ = $o + "^i into the one-loop effective action and write the 
effective action for light superfields in the form 



S, 



eff[(p,< 



s: 



e//[0,' 



+ s: 



efflH^,' 



(4.21) 



where Sfff[(f), 0] is a classical part of the effective action which is of the form 



Sif[<PA] = Jd'z<P^-{Jd'z^ + h.c.}+Oi—) (4.22) 



and S^ff[(f), 0] is a quantum part of the effective action looking like 



Stff[(f>,' 



n 



M2 



327r- 



f d^z[(j)(j)[2{c^ - 3ac + 2q?) + {(? - Aac + 6a^) log ^] + 



+ { 



+ 



c^ — Sac + 2a^ , ■^ o 9. 

12a^ + 9ca^ - 2ac^) + 



M ' c^ -Aac + 6a2 
+ (3a^ - 2ac) {c - a) + (6a^ - Aac + c^){c - a) + 

+ -{c-2a){a^ -c^) + a'^{c-a)] + 



+ «']gj»} 



(4.23) 
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To check that the resuh corresponds to the decouphng theorem we can renormahze the 
superfield according to (|3.33| ) with the finite renormahzation constant Z of the form 

1 - ^^j7-^W^ - 3ac + la") + {(? - Aac + Qa^) log ^) (4.24) 



As a result the effective action being the sum of the classical part ( [4.22 ) and the quantum 
one ( [4.23| ) takes the form 

5,;;[0,0]=/rf«#| + O(^) (4.25) 

which is thus formally consistent with the decoupling theorem. (However, note again that 
fields and couplings a, c are determined from string theory, and thus the classical action gets 
essential one-loop corrections.) 

4.2 The model with hght and heavy quantum superfields and Ught 
and heavy external superfields 

4.2.1 Calculation of the effective action 

It turns out that for non-minimal models it is possible obtain explicit expressions for the the 
one-loop corrected action in the leading orders in -^ when both light and heavy superfields 
have background and quantum parts, by employing the diagram approach. 
Let us consider a specific non-minimal model with action 



s = I rf^z[00 + $$ + —(1^1 (</))$ + iyi(<^)$)] + 

+ [Jd'z{^<p' + ^^') + h.c.] (4.26) 



The propagators of the model have the standard form ( [B.l| ). The zeroth order in -p the 
expansion of the one-loop kahlerian effective potential corresponds to the case where vertices, 
proportional to jg, are absent. The corresponding supergraphs consist of < (fxp >-propagators 
with alternating background fields (p and (cf. |2^, |2^ 






Here the external legs correspond to alternating (p and (p. 

The result is given by a sum of all such supergraphs. After calculations that are completely 
parallel with those carried out above we arrive at the leading order correction Kq displayed 



in eq. ( p.8|) . (Cf. p9|, ^. Other methods of calculating the kahlerian effective potential 
were given in [|30| .) 

To study corrections that are higher orders in the -^ expansion, it is more convenient 
to spht superfields 0, $ into a sum of background 0, $ and quantum 0^, $q superfields. 
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As a result we arrive at the following quadratic action of the quantum superfields (pq, 
external superfields (p, $ 



$g in 



S 



d^z\ 



'q'Vq 



d'zil, 






+ h.c] 



+ h.c.)] + 



(4.27) 



Let us study corrections at different orders in -^ expansion. It is evident that the presence 
of corrections at higher orders is due to the presence of vertices proportional to A in the 
supergraphs. One can assume that corrections at higher orders in the -^ expansion can 
arise in two cases. In the first case the diagram contains the background heavy superfield $ 
and the vertex is of the form J d^zW $0g. Note also that in the diagrams each factor D^ 
corresponds to a quantum superfield (pg. Therefore a contribution of such vertices is of the 
form 

X 



Here the double external line with sign x corresponds to H^ $ (an analogous fragment of a 
diagram arises for the contribution proportional to H^ $). Then a transportation of any of 
the two D^-factors during D-algebra transformations leads to the factor D^^, i.e. diagrams 
containing such vertices do not contribute to the kahlerian effective potential. Therefore 
corrections at the first and higher orders in the inverse mass expansion can appear only in 
supergraphs with light external field lines only. 

Let us study the possible diagrams of that type. We must pay attention to the fact that 
the propagator of the light superfield depends on the background superfield. We denote it 
with a bold line which has the following diagrammatic representation 



+ 



+. 



4 



'+. 



Here an external line denotes the background superfields 0, 0. Summation of this chain of 
diagrams allows one to show that the total propagator of the light superfield is of the form 



< 0g(2l)0g(^2) 



> = 



DlDi 



I6(n 



9' 



Jl2 



(4.28) 



The propagator of the heavy superfield $ is given by ( p.l|) . One can easily see that in 
addition to the diagrams discussed above, which do not contain vertices proportional to -^, 
there are two other types of supergraphs. The first one consists of an arbitrary number of 
repeating links of the form < $$ >< 00 >, i.e. 



i>< 
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where bold external lines with sign x correspond to external j^WKcp) term, and dashed 
internal ones to < $$ > propagators. The second type of diagrams consist of an arbitrary 
number of repeating links of the form 

< (f)(j) >t< $5> >< 00 >t< $$ >< (p(j) >t< <l$ >< 00 >i< $<! > which can be diagram- 
matically represented as 



%. / s ^ 'V" "^ "I" 



Here the dashed-and-dotted line denotes < $$ > and the jagged line denotes < $$ >. 

The contribution of a diagram of the first type, which consists of n such links, is of the 
form 



li.'' 



i^if <00><$$ > y 



(4.29) 



and the contribution of a diagram of the second type that consists of n chains is of the form 



^■n. 



I MS 



n 



W[f < 



X $$ >< 00 >< $$ >< 00 >< $$ >< 00 >< $$ > I (4.30) 



Using the exact form of the propagator given by (p.l| ) and carrying out D-algebra transfor- 
mations we find that (|4.29|) and (^.30|) can be cast in the form 



/ =11 

□ n 



O' 



;n-M2)(n-^2|02|y ^^ 



X 



2n 



\W[ 



i\2n 



and 



f^n 



1 1 



D' 



" \2n 

M6" 



\W[ 



/|8n 



(4.31) 



(4.32) 



□ nV(n-M2)"(n-^2|02|)^ 

respectively. 

We can now find the leading terms in the inverse mass expansion for the above contribu- 
tions. It is easy to see that as n grows the order in the inverse mass contribution increases. 
Jn is proportional to M^^"n^"^^. After Fourier transformation and the integration over 
momenta the leading term will be of the order M2~S", i.e. it will involve at least six powers 
of the inverse mass parameter. As for /„ it is proportional to M~2"n~^; after the integration 
the leading term is of the order M2~2"'. Therefore the zeroth and the second order are given 
by I\ and I^- A straightforward calculation carried out in the framework of dimensional 
regularization yields 



h 



X' 



\Wi\\2 



M' 



32iT- -e 

X^\W{\\2 



[- + log ^ + 1] 



A^ 



A/|2„2 



/i- 



327r2M2 



Wi\g'm- + log 



/.2 



M2 



327r2M2 



- + log ^ + 1) 



(4.33) 



Therefore the leading term for the one-loop correction to the effective action of the non- 
minimal model with the classical action (|4.26|) is the sum of /i and I2 (eg. ([4. 33]) ) as well as 
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the correction 



and it takes the form: 



5^/im^.og^ 



/i^ 






327r2 



/i^ 



(4.34) 



.4„..m4.2 , ,„ M^ , ^, X2„..„2 .,.,2^2 . M\, ^, 1 



AlW^il 



^ + log ^ + 1) - AWil V|0I^{- + log ^}J + 0(— ) 



327r2M2 
To cancel the one-loop divergences we must add a counterterm of the form 

S'^ = -Y^( - 9'\4>\' + AWif - ^[AVlW^if |0P - X'\W[f]) (4.35) 

As a result we arrive at the final form of the renormalized one-loop correction in the kahlerian 
effective potential: 



kW 



327r2 
1 



9 



'log 



9^ 



^2^i 



/|2 



327r2M2 



fx- 327r^ 



■N 



M2 



+ 1]- 



(4.36) 



M^i ^^ 1 . 



AWi'r(log^ + l)-AWi'lVl0plog. 

The essential feature of this correction is that terms that would depend on the background 
heavy superfield $ are absent. This fact is due to the form of the vertex J d^zW{(f))^ whose 
presence necessarily leads to terms which depend on supercovariant derivatives of $. 



4.2.2 Solution of the effective equations of motion 



Now let us consider the effective action (|4.36| ) corresponding to the model with classical 
action (|4.26|) . The effective equation of motion corresponding to this model have the form 






\d\^ + ^wM) = o 



(4.37) 



^-D\'^ + ^WM)) 







A ' M 

We note that quantum corrections in this model do not depend on $. The zeroth order 
approximation for the superfield $ is $o = (since ^ = only at $ = 0) (see ( p. 201 )). The 
first order approximation ( p.20| ) looks like 



$1 



4M2 



Wi{<f)) 



(4.38) 



It follows from ( p.2CI| ) that for this model the n-th order approximation $„ is of the order 
j^i+i - Therefore the final result for the effective action of light superfields reads as 

»_,„V|nog»l^ + A^|,y.f[l + log^l- 

-)-A2|W^{|Vl0l'log — 



r(i) 



d^z(^(j)(f) 



327r- 



1 

M2 



[AWi'r(l + log^)-AWilVl0plog^]}) + 



/^ 



/^ 



+ {Jd^<P' + h.c.) + 0{^^) 



(4.39) 
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This is a final result for the one-loop corrected effective action of light superfields and applies 
to a general choice of Wi. 

We note that the result (|4.39| ) is consistent with the decoupling theorem. If we choose 
for example Wi = 0^, Wl = 2(f) (the minimal model), we can carry out the redefinition of the 
superfield by the rule ( |3.33|) with 

Coupling g is redefined by the rule g = Z~^g. As a result the effective action of light 
superfields takes the form 

r« = / d'zif^ - ^/|0r log ^) + (/ d^4>' + h.c.) + O(^) (4.41) 

The result is consistent with the decoupling theorem and coincides in form with the case that 
corresponds to the minimal model discussed in section 3. However, we note again that since 
parameters of the theory (fields, masses, couplings) are fixed from string theory, they cannot 
be redefined. Therefore the classical action is modified by one-loop corrections. The final 
result for the effective action of light superfields is given by ( [4.39| ). 

5 Quantum corrections to the effective action in gauge 
theories 

5.1 Gauge invariant model of massive chiral superfields 

For the sake of completeness we would like to address the decoupling effects in the A^ = 1 
supersymmetric gauge theory with chiral superfields that interact with the corresponding 
gauge superfields (i.e. chiral superfields that are charged under the gauge symmetry)^. To 
simplify the consideration we choose the Abelian U{1) gauge theory with the chiral superfields 
charged under f/(l). The simplest (minimal) model describing gauge invariant interactions 
between massive and light chiral superfields, and the U{1) gauge superfield is of the form: 

S = /'d^z(<lie'^^$i + <l2e-'^^<l>2 + 0e-5^0) + 

+ ^y'rf^ziy' + (y'd^2(M<l>i<l>2 + A$i0') + /i.c.) (5.1) 

Here V^ is a real scalar superfield, $i,<l'2,0 are heavy chiral superfields, Wa = D^DaV is a 
superfield strength. The model is invariant under the following gauge transformations with 
A is a chiral superfield, A is an antichiral one (c.f. |2^): denotes 

V -^ V + i{A-A) 



^M.C. would like to thank L. Everett for a discussion on this topic. 
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$1 -^ e^'^Hi 

-^ e-'3^(f) (5.2) 

For the sake of concreteness we chose the specific U{1) charges for the chiral superfields 
such that there is an allowed tri-linear interaction term between $j and 0. For the sake 
of simplicity we did not include self-interactions of the light fields in the chiral potential. 
In addition, we did not include explicitly the terms of possible other light chiral superfields 
which we chose not to interact with $j and superfields; these additional chiral superfields 
however should be present, in order to cancel chiral anomalies. 

The gauge-fixing term is of the form 

S,f = -^Jd'zD'VD'V (5.3) 

where ^ is a gauge parameter. The propagators for the fields of the model have the form 



(see, e.g., pi) 



16(n-M2) ^ " 

<$1$2> = - ^^^_^,f {z^-Z2) 

<00> = _i:^li:^58(^^_^2) 
^^ I6n 

8n2 +^ i6n2 



<vv> = ( ^.^ + ^^^i^mz, - z,) (5.4) 



Possible vertices associated with the action ( |5.1| ) are 

c/"0t;"0, g^^iv^^i, ^™$2f"'$2, A$i0^ Al-i^^ (5.5) 

The effective action can again be studied in the framework of the loop expansion. To carry 
out the calculations we split all the superfields into a sum of background ^i,^2,(p,V and 
quantum $iq, $2q, <Pq: "^ superfields by the rule 

$1 -^ $1 + $1,, $2 ^ $2 + $2g 

-^ (p + cpg, V ^V + v (5.6) 

As a result we arrive at the quadratic action of quantum superfields 

S, = |rf«4i^;[□ + (^-l)^{D^D2} + /(4<lle2^^$l+4<l2e-2^^$2 + 0e-^^0)]^; + 
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+ ( J d'ziM^i,^2, + A$i0j + 2A0<l>i,0,) + h.c.) (5.7) 

In the following we employ this action to determine the one-loop corrections. 

The one-loop contribution to the effective action T^^^ is defined in the usual way (see PT|): 

exp(zr(i) [$i, $2, (p,V])= I D<^,,D^2,D(l)gDv exp(z5J$i„ $2,, 0„ v; $1, $2, (p, V]) (5.8) 

The low-energy leading terms in the effective action are the kahlerian effective potential 
that depends only on ^i,^2,4',^i,^2,4>,V but not on their supercovariant derivatives, the 
chiral effective potential that is a holomorphic function of chiral superfields $1, $2) 4', and the 
field depending effective gauge coupling /($!, $2, 4>) holomorphic function of superfields that 
multiplies the term proportional to W^. They completely specify the low-energy effective 
action of iV = 1 supersymmetric gauge theory (see, e.g., p9|). 

5.2 One-loop kahlerian potential in supersymmetric gauge theory 

To study decoupling effects in the model ( p.l| ) we determine the one-loop kahlerian effective 
potential and consider the effective equations of motion for the heavy superfields. We carry 
out the calculation of one-loop quantum contribution to kahlerian effective potential on 
the base of the expression ( ^.8|) with quadratic action of quantum superfields (|5.7|) . The 
perturbative approach for the action ( |5.7| ) can be developed in the following way. We consider 

+ [J(fz{M<^ig<^2g + h.C.) (5.9) 



as a quadratic part which leads just to the propagators ( ^.4| ) and all other terms in (|5.7| ) are 
treated as vertices of interaction. 

Let us consider possible one-loop supergraphs. They can contain both < vv > and 
< (f)(j) >, < $i<l>i >, < $2'52 >! < *^i*^2 > propagators. We will use the Landau gauge 
^ = 0. The propagator < f f > is proportional to the projection operator IIi = — ^°^^^°' 
in this gauge, and propagators < 00 >, < $i<l>i >, < $2*^2 > are proportional to the 



projection operator IIo = -nj^- (see e.g.(|5.4|)). The projection operators IIo and IIi are 



orthogonal to each other pOf . As a result each supergraph containing propagators of both 
chiral superfields and gauge superfields has zero contribution (it is easy to see that the 
analogous situation takes place for supergraphs containing the propagator < $i<l>2 > due to 
the identity -D^IIo = 0). Therefore there are no supergraphs containing both propagators 
of chiral and gauge superfields. As a result, in the Landau gauge there can exist only two 
types of supergraphs: the first of them contains propagators of chiral superfields only, and 
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the second one contains propagators of gauge superfields only. Hence in order to calculate 
the one-loop kahlerian effective potential we can omit in action ( |5.?| ) the cross terms, i.e. 
those that include both the chiral and vector quantum superfields because such terms will 
lead to supergraphs containing both propagators of chiral and gauge superfields. As a result 
one can use the expression for the quadratic action 

+ (|rf^z(M<Di,<D2, + A<l>i05 + 2A0$i,0,) + /i.c.) (5.10) 

instead of (|5.7D. It leads to the same supergraphs as (15.7]). At the end of the calculations the 
parameter C, must be put to zero. 

To study the one-loop contribution to kahlerian effective potential it is convenient to 
introduce background superfields 0, $i, $2 and conjugated ones in the following way 

= e-3^/2^, = 0e-^^/2 

$2 = e-3^$2, Is = $26-^^ (5.11) 

The quantum superfields are redefined by the same way. Such redefinitions represent them- 
selves as a sort of introduction of background covariantly chiral superfields |2^. We note 
that background superfields 0,$i,$2 can be treated as constants. The quadratic action of 
quantum superfields takes the form 

+ llgl-lg + l>2<7$2g + 0<?0g} + 

+ (y'rf6^(Ml>i,l>2, + Al>i0j^2A0l>ig0,) + /i.c.) (5.12) 



The propagators < 00 >, < $i$i > and other ones have the standard form ( ^.41) . 
As a result we find the one-loop correction to the effective action to be of the form 



where 



r« = rj') + r(') (5.13) 

exp(irS^^) = J D^i^D^2qD4)g exp[J rf«2;{l>i,<l>i, + ^2q^2q + 0^04 + 

■ I d'z{M^i,^2g + X^i^l + 2A0l>i,0,) + h.c.)] (5.14) 



exp(2r^')) = y'D^;exp(^y'rf^t;[^ + (l-l)^{D^D2} + /(4ll<ll + 

+ 4l2$2 + 00)]w) 
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We note that since transformations of the quantum superfields ( |5.11| ) are local their Jacobian 
is equal to 1. The contributions F-^ , Fg can be calculated in a straightforward way. Correc- 
tion F^ is given in terms of supergraphs of two types. Diagrams of the first type consist only 
of propagators < (j)(f) >, i.e. they can be represented as rings consisting of different numbers 
of repeating links 



Each link has the form 






The contribution of a diagram consisting of n such hnks has the form 



^n. 



dW 






K' 



(5.15) 



(5.16) 



The total contribution of all such diagrams is then of the form J = J2^=i Jn- After calculations 
analogous to those carried out in Section 4 we arrive at the explicit expression 



J 



1 



rf^0A2|<liP^''*^' 



327r^J ■ ■ /i- 

The diagrams of the second type consist of repeating links of the form 



(5.17) 



where the bold line is a total propagator of a light superfield which depends on the background 
superfield $1. It can be obtained by a method analogous to the one used in the previous 
section (but with background, $1, $1 instead of 0, 0) and has the form 



< 



> 



A'|$i| 



2n2 



D'D 



F + A2|$i|2 16P 



(5.18) 



The dashed line corresponds to < $i$i >, and the external line with sign x denotes the 
background superfield (f). The link has the form A^|0p < (fxp >< $i<l>i > As a result the 
contribution of a diagram consisting of n such links is of the form 



where 



d^e 



d^k 



L" 



2n2n2 



X'\ct>\'D'D 



16(/t2 + M2)(F + A2|$i|2) 



(5.19) 



(5.20) 
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The total contribution of all these diagrams, after calculations analogous to those carried out 
in the previous section, has the form 



n=l 



32^2 LgV ,r, / . L V, ., 1^1 n o ^ 



- A^l^iplog^^} (5.21) 

After cancellation of a divergence proportional to -, via a suitable counterterm, we arrive at 
the following one-loop contribution to the kahlerian effective potential: 

A-W = / + j=_J_{|A/^ + A=(|i,p_|^|^)|,ogH!±^W^M}(5.22) 
This expression can be expanded into a power series in 1/M as 

*'" = -5^{A'(l*r^-|^l^)(l + l0g^) + 5i5A'(|*l=-|^r)V0(il)(5-23) 
Now we turn to the calculation of r2 • Using (|5.14|) it is easy to see that 



where 



ir^i) = ItrlogA (5.24) 

A = n + (1 - l)-^{/^', 5'} + /(4l>il>i + 4<l2l2 + H) (5.25) 



Using a proper-time method (see Section 4) one derives 

r^^^ = -tr \ — exp zsA 5.26 

2 JO s 

and a straightforward computation yields 

oo isUi- — 1)" 1 

exp(2sA) = exp(zsn)exp(^sA)(l + Y. ^- {d\&}) 

where A = 5f^(4$i$i + 4$2'52 + 00)- A subsequent calculation can be carried in a completely 
parallel fashion as that given in Appendix A. As a result we arrive at 

Here we introduced the dimensional regularization parameter e since the integral is divergent. 
We also put ^ = 0, i.e. we work in the Landau gauge. Expanding this expression into a power 
series in e we arrive at 

K^'^ = -^(-(/(4l>i<li + 4<l>2l2 + 0|))- 

_ {g^(4tA+4M. + #) log »^<i*i*i±#li±M _-, + !} (5.28) 
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The divergent part can be cancelled via a suitable counterterm which leads to the renormal- 
ized correction of the form 

-a. = --i^[/(44.i. + 44,4, + m ,ogMlii±±*^*= 



K'2J = -t;7^[^14<I>i$i + 4<l2$2 + m log "' i i ' ^ ^ ' v-v-^ -7 + 1) (5.29) 



Hence the final result for the one-loop kahlerian effective potential rewritten in terms of 
standard background chiral superfields $i, $2, and background gauge superfield V is 

= -^{A^(<lie^^^<|.i - 0e-^^0)(l + log ^) + ^A^(<lie^^^$i - 0e-^^0)' + 



-gv. 



X 



+ [g'^{A^ie^3^^i + 4$2e"25^$2 + ^e" 

X ( ,„g. «'(4$.e^.-t. + 44^..-'»-t. + ^e-.--^) _ ^ ^ ^^^^ ^^3^, 

The effective equations of motion for massive superfields (with the action (|5.1|) and the 
quantum correction K^^^ ( 5.301) ) are of the form 



^(e'^'^'^i + -^) + ^*2 + /30' = 
4 9$i 

— (e-2^^1.2 + ^) + M<|.i = (5.31) 



Here /3 = A(l + ff^) where 



"i log[x(l-x)] 

a = / ax ; 

1 — x(l — x) 



(see the next subsection) is a one-loop corrected coupling for the chiral interaction. (Quantum 
corrections to the chiral potential are considered in details in the next subsection.) Solutions 
of these equations have the form 

As a result it turns to be that the one-loop contribution to the kahlerian effective potential 
can be expressed as 

i^« = -T^{-A^0e-^^0(l + log^) + 
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+ /0e-^01og^^^^} + O(-L) (5.33) 



Here 7 + 1 is absorbed into a redefinition of fi. It is easy to see tliat tliis correction is 
gauge invariant. We note tliat tlie quantum correction arises in tlie effective action of ligfit 



superfields that depend on tfie gauge coupling. Tfie expression (|5.33| ) is quite analogous to 
tfie minimal model of gauge neutral cfiiral superfields where the self-interaction of the light 
chiral superfield is absent. Namely, the only contribution due to the gauge interactions (i.e. 
terms proportional to the gauge coupling g) corresponds to the standard Coleman- Weinberg 
potential (the second term, in the square brackets), which is due to the gauge interactions of 
the light fields only. 

The redefinition (b ^ d) = Z^^'^d) where 



h A/f2 

in turn yields the action corresponding to the sector of chiral superfields only (i.e. with the 
background gauge superfields put to zero) and can be written as 

T = Jd'z\4>\' + 0{^^) (5.35) 

This result is again formally consistent with the decoupling theorem. However, since all 
parameters (fields, masses, couplings) are determined from string theory it turns out to be 
that the classical action gets an essential quantum correction given by ( ^.33 ). 



5.3 Chiral potential corrections 

We now turn to the study of possible chiral corrections to the effective action. It turns 
out that unlike in the model with interacting gauge neutral chiral superfields, where the 
first set of quantum chiral correction arises at the two- loop level (see Section 3), in A^ = 1 
supersymmetric gauge theories the one-loop corrections to the chiral effective potential are 
possible. This situation is quite analogous to standard N = 1 super - Yang - Mills theory 
with chiral matter [Q. However, we note that in the present theory chiral corrections to 
effective action depend on the massive superfield $1. 

In order to study chiral corrections to the effective chiral potential action it is more 
suitable to use a Feynman gauge ^ = 1. In this gauge the propagator for the gauge superfield 
reads as 

< TO >= -5^(^1-22) (5.36) 

First, the chiral effective potential depends only on the chiral background superfields 
(j), $. Second, we note that diagrams containing massive propagators cannot contribute to 
the chiral effective potential (see Section 3). Therefore possible one- loop diagrams can contain 
only vertices of the type (f)V(j) where is a background superfield, and those of the type A$i(/)^ 
where $1 is a background superfield. Let the number of vertices (j)V(j) be A^^i, and the number 
of A$i0^ be A^2- The number of quantum superfields (p and is equal to 2N2, and A^i, 
respectively. Since the only Green function for massless superfields is < 00 >, these two 
numbers should be equal, 2N2 = Ni. Each vertex A$i0^ corresponds to one factor D^ since 
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it is purely chiral, and each vertex 

^2 



[see e.g., 



hvcj) with (j) as the external field corresponds to one factor 
20|). Then, a diagram that can contribute to the chiral effective potential has 
to have a number of factors D^ that is one larger than the number of factors D^ [^, i.e. 
Ni — N2 = 1. Therefore we conclude that A'^i = 2, N2 = 1. The only supergraph with such a 
structure is given below: 




This supergraph yields the following contribution 

d'^k 1 



J = Xg^ fd%d%d%f 



{27ry k^{k - pi)^{k - p2 



2n2 



X 6 



DID 



Dl 



12" 



12 4 



-$(pi +P2,^l)0(-Pl,^2)0(-P2,^3) X 



(5.37) 



After D-algebra transformation, integration over momenta and Fourier transformation this 
contribution has in the infrared limit pi,p2 — ^ the form (cf. ||2^ ) 



J 



16 



where 



a 



log[a;(l — x)] 



(5.38) 



dx- 
1 



x(l 



X] 



is a constant encountered in [^. (Note the same constant is encountered in the previous 
subsection.) This contribution coincides in form with the classical chiral potential. The 
one-loop corrected chiral effective potential is then of the form: 



PF(i) = (A + Xg^a)^^{z)<p\z) 



levr 



(5.39) 



However, since the heavy superfield $ is at least of first order in the inverse mass (as a 
solution of the effective equations of motion) this term is also of first order in the inverse 
mass. Nevertheless, this result demonstrates that quantum corrections to the chiral effective 
potential can depend not only on massless superfields but also on massive ones. (It was 
commonly believed that quantum corrections to the chiral effective potential can depend 
only on massless superfields.) 

5.4 Strength depending contributions in the effective action 

In this subsection, we are going to consider quantum corrections to the gauge function, i.e. 
a holomorphic function that multiplies W^ in the leading low-energy approximation to the 
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effective action. To simplify the consideration we again use the Langau gauge .^ = 0. The 
loops can contain only either propagators for chiral superfields or propagators for vector 
superfields. However, since the external vector superfield can connect only to the vertex of 
the form f $j$j (or vcjxj)) the possible supergraphs must necessarily contain propagators for the 
chiral superfields and therefore at the one-loop level, only propagators for chiral superfields 
contribute. (We also note that in principle it is possible to study corrections proportional to 
W"^ in a general gauge.) 

Now, we turn to the study of possible supergraphs with two external gauge lines. First, 
we note that the vertex (yf$2f $2 can be associated either with the propagator < f f > or 
with the external vector superfield line. However, as noted above, in the Landau gauge the 
loops of the form under consideration cannot contain propagators < vv >. Therefore the 
only contributing supergraph containing the vertices f $25'2 is of the form 

Recall that the dashed line denotes the propagator < $2*52 > (the same on as for < $i$i >), 
and the wavy line denotes the propagator < vv >. The contribution of the diagram has the 
form 

After D-algebra transformations and dimensional regularization this expression is equal to 

^y / j2/i -L TJ/2 / " «- -L 



d'9—W' 



IQtt^J 64 J (27r)" (F + M2)2 

4^' fd^0l^W'i--^ + \og^) (5.41) 



IGtt^ J 64 e /i 

where e is the usual dimensional regularization parameter. The divergent part can be can- 
celled via a suitable counterterm, and the resulting correction is 



V 1 f ,2....2, M' 



2 



d'eW'hg— (5.42) 

lOTT^ 64 J ^'^ 

The Euler constant 7 is here absorbed into a redefinition of the normalization parameter /x. 
As a result we see that this correction leads to a term proportional to log ^ which evidently 
increases logarithmically with M as M — > 00. 

Now we turn to the study of corrections proportional to W"^ which do not contain propa- 
gators of the field $2- First of all, let us consider corrections at the zeroth order in the inverse 
mass expansion. Since the heavy superfields $1, $2 (after solving the effective equations of 
motion) correspond to expressions that are of the first and/or higher orders in the inverse 
mass expansion (see the discussions above), the corrections that are of the zeroth order in 
-^ expansion therefore correspond to diagrams with massless external chiral superfields only. 
Such corrections are described by the supergraphs 
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DY"\D' 



52V ,/oD2 



Fig.2 Fig.3 

Here the bold dashed hne (in the following we will denote it as Gi) is a propagator of the 



form 



+ 



■+.. 



and the bold wavy line (in the following we will denote it as G2) is a propagator of the 
form 



+ 



External lines denote superfields 0. 
Consequently, the contributions are of the form 



Gi = < $i$i > +A^|0p < <l>il>i >< 00 >< $il>i > +. . . + 

+ < $1$! > (A2|0n"(< 00 >< $i$i >)"+... 

G2 = < 00 > +A^|0p < 00 >< $i$i >< 00 > +. . . + 

+ < 00 > (A2|0|2)"(<$i<Ii >< 00 >)- + ... 



(5.43) 



The superpropagators < 00 >, and < $i$i > are given by ( |5.4| ) and ( |5.18| ), respectively. 
A straightforward calculation yields 



Gi 
G2 



16P p + M2 + |0|2 



16(P + M2 + |0|2) 
As a result, contributions from the diagrams shown in Fig.2 and Fig.3 correspond to 



(5.44) 



4/ 



{2nr 
(2^ 



d''eid^e2V{ei)v{e2 



(A;2(F + M2 + |0|2))2 16 "^^ 16 
1 D?D2% A^z^i 



(A;2 + M2 + |0|2)2 16 



'-6 



12- 



16 



.512 (5.45) 



respectively. After D-algebra transformations, integration over momenta, and a subtraction 
of divergences we find 



h 
h 






16772 64 

^9' 1 

167r2 64 



d'9W'{hg- 



fi^ 



+ A) 



/Vf2 , 1^12 



t/'^W^'(log. 



/^^ 



(5.46) 
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Here A = 1 + /q, dx^—^ is a constant that depends on the infrared regularization parameter a. 
We note that this parameter can also be absorbed into a redefinition of the renormahzation 
parameter fi. 

The total correction in the gauge sector is a sum of corrections /i ( |5.42 ), I2 and I^ ( 5.46| ). 
It has the form 



64 IbiT^ J u^ u^ 



The leading term of this correction is 

/ = ^J_ fd^ewHog^ + 0(^) (5.48) 



Here the constant A is absorbed into a redefinition of the normalization parameter /x. 

Let us now consider contributions that depend on external heavy chiral superfields. We 
assume that the supergraph can contain ni vertices of the form $i0j, ni vertices of the form 
$i0g, n2 vertices of the form 0$iq0q, and 77-2 vertices of the form 0$ig0g. Thus, the number 
of external $1 is equal to rii, and the number of external $ is equal to ni. We note that 
there are no propagators of heavy superfields $2 in the supergraphs under consideration (in 
the Landau gauge), therefore the only possible supergraphs are < (fxf) > and < $i$i >. 
Hence the number of quantum superfields and 0, and correspondingly, the number of $ig 
and l>ig must be equal, and we arrive at the relations n2 = n2, 2ni + n2 = 2ni + n2. These 
relations leads us to conclude that rii = ni and therefore contributions of supergraphs must 
be proportional to ($i$i) \ Since the solution of the effective equations of motion yields 
the result that the heavy superfield $1 is at least of the second order in -p (see above) we 
conclude that terms with a non-trivial dependence on the background field $1 must be of 
the fourth order in -p. 

As a result, the one- loop corrected effective action is the gauge sector if of the form: 

r(.. [W] = i / ^m-(l + 9«=^ log ^) + O(-ij) (5.49) 

This expression contains terms logarithmically increasing with M and thus the gauge function 
/ can get significant corrections due to the contributions of the heavy fields. Note, however, 
that these corrections can be reinterpreted as the standard one-loop threshold corrections due 
to the contributions of the heavy fields. Namely, these leading effects are due to the coupling 
of the vector gauge fields to the heavy chiral superfields, and are therefore proportional to 
the gauge coupling g. On the other hand a contribution due to the coupling A between light 
and heavy chiral superfields is absent at this order. (It appears only at higher orders in the 
jj expansion.) 

Again it is straightforward to show that the obtained result is in compliance with the 
decoupling theorem. We redefine the vector superfield V (and consequently the superfield 
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~ 1/9 

strength W"') by the rule V = Z^' V where Zi is a finite renormahzation constant 



Z, = l + 9g'-^\og^-^ (5.50) 

Then the expression (|5.49|) takes the form 

r«[W^] = ^/^^-W^^ + 0(^) (5.51) 

which is again of the same form as the corresponding term in the classical action. On the 
other hand the terms that include the interaction between the vector superfield and the chiral 
ones should stay invariant under such a redefinition of fields. Therefore we must redefine the 

~ -1/2 

gauge coupling g by the rule g = Z^ g. After these redefinitions the one-loop effective 
action takes the form 

r(i) = ^ / d^zW^ + I dh(Pe~'^4> + 0{i-) (5.52) 

64 J J M 

As a result the one-loop corrected effective action is of the same form as the classical action 
of light (massless) superfields 0, f, only, as expected by the decoupling theorem. However, 
since the values of fields and couplings are determined from string theory, they cannot be 
redefined, and the final result for the one-loop corrected effective action in the sector of gauge 
superfields is thus given by ( |5.49| ) which allows us to conclude that the classical action in this 
sector gets essential corrections, couplings 

6 Summary 

In this paper we presented a systematic analysis of the decoupling effects in A^ = 1 super- 
symmetric theories with chiral superfields. We developed techniques to evaluate explicitly 
the one-loop corrected actions that involve both the heavy and light chiral superfields for dif- 
ferent types of classical kahlerian and chiral potentials. By a subsequent elimination of the 
heavy chiral superfields by their equations of motion, via an iterative procedure, the result- 
ing effective actions of light chiral superfields include the quantitative decoupling corrections 
and the one-loop level. We considered different examples of theories describing dynamics of 
interacting light (massless) and heavy superfields. For these theories the one-loop kahlerian 
effective potential was calculated and subsequently the heavy superfields were expressed via 
light ones up to a certain order in the inverse (heavy) mass parameters, thus resulting in an 
explicit form of the effective action (up to a certain order in the inverse mass expansion) for 
light superfields, only. 

As a representative example we carried out a detailed analysis for the so-called mini- 
mal model. This model contains two (gauge neutral) chiral superfields, one heavy and one 
massless, while the classical kahlerian potential contains only the renormalizable (canonical) 
terms and the classical chiral potential is renormalizable with the self-interaction term of the 
light fields and an interaction term linear in the heavy field. The results of these calculations 
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demonstrate that the leading order decouphng effects at the loop-level grow logarithmically 
with the heavy mass scale. In addition, we also analysed the loop corrections to the chiral 
potential, and found that at the two-loop level corrections to the heavy fields do appear, 
which are, however, suppressed in the effective action of light fields by inverse powers of the 
heavy mass scales. 

In the subsequent section we carried out the analysis of the non-minimal models with a 
more general structure of the kahlerian and chiral potentials, that involve one light and one 
massive field. While the analysis of these models cannot be carried out explicitly for a general 
choice of the classical kahlerian and chiral potential, we developed techniques to determine 
the effective action as a series expansion in the inverse powers of the heavy mass parameter. 
We have also addressed the decoupling effects for N = 1 supersymmetric gauge theories with 
heavy and light chiral fields charged under the gauge group. In particular, we analysed the 
f/(l)-Abelian (minimal) model with charged heavy and light chiral superfields, a minimal 
(gauge invariant) kaherian potential and a chiral potential with an interaction term linear in 
a heavy field. The leading corrections to the kahlerian potential are independent of the gauge 
coupling, however higher order terms (both for the one-loop corrected kahlerian and chiral 
potential) are proportional to the gauge coupling. In addition we also demonstrated that 
the leading correction to the gauge function is proportional to the gauge coupling, which can 
be reinterpreted as a standard threshold effect due to the heavy charged chiral superfields. 
(Note however that in the leading order the gauge function corrections do not depend on the 
chiral coupling of the heavy chiral superfields to the light ones.) 

While our specific results are, of course, in agreement with the decoupling theorem, the 
actual quantitative form of the decoupling effects may have important physics implications. 
As it was stressed in the introduction, in an effective field theory (without reference to an 
underlying fundamental theory) the couplings are free parameters, fixed by (low-energy) 
experiments, and thus the above decoupling effects can indeed be all absorbed into rescalings 
of the effective light fields. However, within string theory the original couplings are calculable 
at the string scale and the corrections due to decoupling can now have sizable calculable 
predictions for the low energy couplings. The results of our calculations explicitly confirm 
that in A^ = 1 supersymmetric theories the decoupling effects at loop-level are of order log M, 
and in specific cases they can significantly modify the low energy predictions of the effective 
couplings. 

In particular, within a class of perturbative string models with an anomalous U{1), after 
the vacuum restabilization, there are in general renormalizable interactions between the light 
and heavy fields, with mass of order M ~ Mstring ~ (10^^) GeV. Thus, the above one- 
loop decoupling effects can significantly change the low energy predictions for the couplings 
at low energies, e.g., the electro- weak scale (/x ~ 1 TeV). Let us repeat the analysis for 
an example, in a class of string models discussed in |l^-|l^, where typical values of the 
couplings, calculated at Mstring, are \ = g = Qgauge- Here Qgauge ~ 0.8 is the value of the 
gauge coupling at at Mstring- Renormalization group equations then determine the values of 
A and g couplings at low energies /x. However, due to the one-loop decoupling effects there 
is now also an additional correction in the effective coupling g for the light fields; it is of the 
order of A (/i)V(167r2) log MV/i^ ~ 0.26. (We used the typical values M ~ Mstring ~ 10^^ 
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GeV, /i ~ 1 TeV and A(/i) ~ 0.8.) This specific example indicates that for a class of four- 
dimensional string vacua the actual prediction for the tri-linear couplings at low energy could 
be corrected by 10 — 50%. 

Let us conclude with a remark about the leading contributions at higher loop levels. 
These contributions are expected to be of the form (cf. p6|): the form 

When choosing a renormalization condition of the form /x^ = const x M^ (analogous to the 
one used in Section 3) the typical contribution of these terms would be of the type 

1^1^ log" (^) 

thus implying that the decoupling effects at the higher loop leading decoupling effects could 
be just as significant, and they would further modify low-energy predictions of the effective 
theory of light fields. 
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Appendix A 



To find an exact form of the solution of ( p.4|) for the model ( p. 3D it is more convenient to 
study a system of equations for components of matrices A and C. Therefore we arrive at 

-ill = -Cii(A$ + ^0)-Ci2A$ 

-C^^ = (A<l + 5f0) Aii{\^ + gcfyU - Ai^\(i)U 

i i 

-ii2 = -C11A0-C12M 
t 

-C12 = X(f)- An<l)0 - A12MD 
i 

-A21 = -C2i{X<^ + g(p) - C22A0 
t 

-C21 = A0 - A21 (A$ + ^0) n - A22A0n 

-A22 = -C21A0-C22M 
t 

-C22 = M - A2i\(j)a ~ A22Ma (A.l) 

i 
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with an analogous system of equations for A, C. It is straightforward to solve this system of 
equation by the method described described in subsection 2.3. It allows one to obtain the 
following form of the coefficients An, A22, An, A22 (i-e. only those contribute to the tr log A): 

A^3 A^i 1 
All = ^11 = TTT 7T^ — coshiiuis) — — — — — cosh(iu2s) 

^^^ = ^^^ = {Ni - iV3)D ""^^(^^^^) - [Ni - N,)n '"'^^'''''^ - D 



(A.2) 



Here ui = ^P + VQV^, uj2 = \/P- VQV°, N: 

a;^-(|A$+g0p+2A^|(^P)D 



'1 



A(/)(A<J>+g</>)+MA<}i • 



^^3 X<f,{X<S>+g<f,)+MX<f> ' '^^^^ 



p = |A<I> + g(/)r + 2Al0r + M 



g = (|A<l> + #p-M^)V4|(A<l> + #)A0 + A(/.M|2 (A.3) 

Let us denote 

Ri = \Jp+^Iq. R2 = \Jp-4Q (A.4) 

The trace of e*'^^ is determined by the matrix trace of A which reads as 

trA = All + ^22 = —{cosh{isRl^/^) + cosh(isi?2V^) - 2) (A.5) 

The one-loop kahlerian effective potential has the form 

K^'^ = -7; -iAiiis) + A22is))Uix,x';s)U=,, (A.6) 

2 Jo s 



since An = An, A22 = A22. Here U{x,x';s) = e''°S^{x - x') (cf. l2|, g^). Expanding 
^11 (-5) + ^22 (s) as a power series in □ we find the one-loop kahlerian effective potential in 
the form 

2J0 s to {^n + 2y. {2n + 2)\'' ^ ^7 ^x,x , sjU=,, 

(A.7) 



As usual (see p2|, ^) 

lD7r^(2S) 

Thus the one-loop kahlerian effective potential can be cast in the form 

1 roD rio °° R 2n+2 p 2n+2 / ■ \2n+2 
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Since this integral is divergent we use the dimensional regularization by introducing the 

regularize 

arrive at 



regularization parameter e with the subsequent changes: /q°° ^ -^ /q°° -4h- As a result we 
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327r2 



+ rT^'^ 



Rt 



2{l+e) 



d{isRl) ~ {isRlf{n + 1) 



-r 



{isRl 



n=0 



{2n + 2)\ 



+ 



l-e Z^ 



Using (cf. m, H 



one obtains 



oo 

Us 

n=l 



(2si?i)^-%^o (2n + 2)! 

JO 



(A.9) 
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Here, we have made a redefinition s -^ sR\ in the first term and s -^ sR\ in the second one 
along with a subsequent Wick rotation. Furthermore 



{Rir^ r 4^ /^te-^^(^-*^) = {Rir'ne) f dt{l - e\og{ 

Jo S^ ^ JO Jo 



l-r 



)+0{e')) 



j2\^+^\^ 



{Riy-'T + i 



dt log( 



+ 0(e)] 



(A.ll) 



Here 0(e) denotes terms of order one and/or higher in e, and O(e^) denotes terms of orders 
two and/or higher in e. Therefore 
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(A.12) 



Here the first term contains all one-loop divergences of the theory which can be cancelled by 
a counterterm of the form 



K. 



(1) 



countr 32^2^ 

2 



{Rl + R 



(A.13) 



The terms containing 7 and /q c?tlog(^!^^) are removed by a suitable choice of the renormal- 
ization parameter /i. Using the exact expression for Ri and R2 (( |A.3|) and ( |A.4D , respectively) 
we arrive at the result ( p. 51 ). 



Appendix B 



We note that the result (|3.5| ) for the one-loop correction in the kahlerian effective potential 
can also be obtained via a diagram technique. 
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Let us study possible diagrams contributing to the one-loop kahlerian effective potential 



in this model. The propagators of the superfields have the standard form [20 



< 4>{zi)(j){z2) > 

< ^zl)^{z2) > 

< ^Zi)^Z2) > 



-^5'{Z, - Z2] 



1 



n-M2 



S\z, - Z2) 



4n(n-M2) 



6\Z,-Z2) 



(B.l) 



The possible vertices (see ( p.l|) ) are |y0^ and A$02. It is easy to see that there are the 
following types of possible supergraphs. The first type of supergraphs consists of < 00 >- 



propagators with an alternating background and (cf. [|^, ^). Here the external legs 
correspond to alternating gcf) and gcf). 






The result represents itself as a sum of all such supergraphs. The diagram of such a form 
with 2n external legs corresponds to a ring containing n links of the form 



L>2 D^ 

A contribution of such a link is of the form 






(B.2) 



Here, superfields W", W" are treated as constants, and external momenta are put to zero. 
Let us denote the contribution of a supergraph with 2n external hues as l2n- It is easy to see 
that 
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In J L\ J (277)^ 2n 



k=l 
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(B.3) 



Here 2n is a sjTiimetric factor (see 
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Straightforward Z^— algebra transformations lead to 
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{2Txyk^2n' F 



(B.4) 



Here we used the rule D'^D^D'^ = —IGk'^D'^. 

The total contribution of all these diagrams which is further denoted as Kq'^' is a sum of 
all hn (cf. [H), i.e. 
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Then, since 



Kq is of the form 



oo 1 

y — (-«) 



K, 



(1) 



oo 



- logfl + a) 



rf^^^^log(l + ^ 



(27r)^F 



fc2 



-) 



(B.6) 



We can integrate over angular coordinates which allows us to change d'^k for Ti^rdr where 
r = k"^. Then, since the integral over r is divergent we carry out dimensional regularization 
introducing the regularization parameter e. Namely, we change ii'^rdr — > vr^r^+^/^rfr. As a 
result we arrive at 
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Then, 



A. 



/•oo /I 

/ rfrr^/2 iQg^^ + -) = -Ai+T(-1 - e/2) : 
JO r 

Inserting A = ^f^l^p we arrive at the one- loop contribution to the effective action 



--A- A log 4 + 0(e) 



K, 



(1) 1 2, ,12/2 , , g^\(j)\\ 



(B.8) 



(see 0). 

The most effective method to study diagrams that contain vertices proportional to $0^ 
consists of introducing the propagator for the light superfield (pq which depends on the back- 
ground light superfield (f) and corresponds to the classical action ( |3.3|) . This propagator is 
denoted by a bold line as 



'+. 



A summation of this chain allows one to show that the total propagator of the light quantum 
superfield depends on the background light superfield in the following way 



< 0g(2l)0g(^2) > = 



mm 



-5 



12 



:b.9) 
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The propagator for heavy superfield $ is given by ( [B.l| ). Then we can see that aside from the 
diagrams discussed above there are two other types of supergraphs. The first one consists of 
an arbitrary number of repeating chains of the form < $$ >< (j)(f) >, i.e. 



where double hues correspond to an external alternating A<l> and Al>, and bold one to < </)<^ > 
propagators. A contribution from a supergraph consisting of n such chains, because of ( [B.l| ), 
is of the form 



nU6(n-^2|0|2)(n_jVf2)y 
The second type consists of an arbitrary number of repeating chains of the form 



< 



>< $$ >< (h(h >< $$ >< 66 >< $$ >< 



>< $$ > which can be written as 



Here a dashed-and-dotted line denotes < $$ > and a jagged line denotes < $$ >. The 
external double line denote background superfield $. A contribution of a diagram consisting 
of n such chains is of the form 



1/ M2A8|$|8n2^2D2 

n^l6{n - g^\(P\^)\a - M^)^ 



(B.ll) 



'(1) 



The total one- loop correction in the kahlerian effective potential is a sum of K{^ ( [B.8|) , and all 
the Kn and L„ contributions. After a summation with a subsequent Fourier transformation 
and an integration over momenta with a subsequent subtraction of the one-loop divergences 
we arrive at the one-loop correction in the kahlerian effective potential (|3.5|) . 



Appendix C 

Let us consider a calculation of the one-loop kahlerian effective potential for the case when 
light superfields are pure background ones and heavy superfields are pure quantum ones. 

The computation of the one-loop effective action reduces to the problem of evaluating the 
operator 



Q{s) 



z''^' = exp [tiH{D^, D^} + ^W"D^ + -W"D^)] 



Representing Q.{s) in the standard form (see [^, |23[| ) 



+ \Ms)D^D' + \c{s)D^ + \c{s)D' 



(C.l) 



(C.2) 
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we have the equation 

i^— = fiA 

as 

and therefore we arrive at the system of equations: 

-^A = H + HAU + ^W"C (C.3) 

Im lb 

—C = -W" + AHCn + -W"An 
4i 4 4 

8i 8 

The initial conditions for these equations and analogous ones for A, B, C are A = B = C = 
yl = i? = C* = Oats = 0. Hence one finds that B°'{s) = Ba{s) = 0. Solutions of other 
equations are of the form 

WiHns _ _ -^ 
A{s) = A{s) = {exp{isVW"W"a) + exp{-isVW"W"n)) 

W" - 

C(s) = e^^'^°'— -, smhiis^/W"W"U) 

\/W"W"u 

W" 



C(s) = e^^^^°^- ^ siYi\iiis^W"W"n) (C.4) 

The one-loop kahlerian effective potential has the form 

K^'^ = -t -iAis) + Ais))Uix,x';s)\,=,, (C.5) 

JO s 



where U{x,x';s) = e^'^°6^{x — x') (cf. ||2^, |23|). Using ( |C.4| ), the expression ( p.5| ) can be 
rewritten as 



roo rig pl&iHns ^ ^ 1 

i^W = -i / — ( ieMis^WWU) + exp{-is^W"W"U)) ] 

Jn s 2U U 



/o s " 2a 

X e^^°5^(x-x')U=x' (C.6) 



Let us denote VW"W"a as Q. 
Since 



„l6iHDs 



{exp{isVW"W"a) + exp{-isVW"W"a)) = 

cosh(zgs) - 1) ^,6..Hn ^ e^^"^° - 1 (C.7) 



we can rewrite the expression (|C.6| ) as 
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which equals to 

Jo s ^ □ 

+ ^- = ^e-°5^(x-x')U=.'} (C.9) 



Then, 
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In analogy with WA El] we conclude that 



/ -| \n— 1 I 



167r2(is) 

1 (-1)"-^ ! 

1 + mif^m^yjl) 






The last expression can be obtained from the first one by the change s -^ s(l + IQH). 
Then, 



, 2n 



(1) _ . roods f^ {2isVW"W") 1 (-l)"~^n! 

Vo ~^^^ (Ml (1 + 16/7)"+' 167r2(zs)"+' ^ 



- E^^SD^} 



„^i n! levr^fis 
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The integral J^ — is divergent, therefore we introduce the regularization parameter e and 
change /q°° — — »• /q°° -^ Then, the last term in the expression ( |C.13|) can be rewritten as 

1 foo ds 16H 



167r2 Jo s2-^ (1 + IQH) 
and 
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This term vanishes at e 7^ and can be defined to be equal to zero at e = 0. 
Therefore the one-loop kahlerian effective potential has the form 



kW 
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1 + 16H) Jo ^^;^/T 
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isW'Wr {-!)''- n\ 



+ 16H 



{2n) 

These power series can be summed up. Namely, after the change s -^ -^ ^^iqh 
quent Wick rotation we arrive at 



} (C.14) 

and a subse- 
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It is known (cf. p2|, pa) that 
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Hence 
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and 
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Here 0(e) denotes terms of order one and/or higher in e, and 0{t^) denoted terms of order 
two and/or higher in e. Therefore 
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'"^•{imTTem}]} <°'«' 



And 1 + 16// = Fq,^. Here the first term contains all the one-loop divergences of the theory 
and can be cancelled by a suitable counterterm. The terms containing 7 and /q^ dt\og{^-^) 
are removed by a suitable choice of the renormalization parameter /x. 



As a result we arrive at the expression ( [4.17|) for the one-loop kahlerian effective potential. 
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